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INITIALIZING ROUTES BASED ON
PHYSICAL NETWORK TOPOLOGY IN A
DATABASE SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present U.S. Utility Patent Application claims priority
pursuant to 35 U.S.C. § 120 as a continuation of U.S. Utility
application Ser. No. 16/829,808, entitled “FACILITATING
QUERY EXECUTIONS VIA DYNAMIC DATA BLOCK
ROUTING”, filed Mar. 25, 2020, which is hereby incorpo-
rated herein by reference in its entirety and made part of the
present U.S. Utility Patent Application for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT
DISC

Not Applicable.

BACKGROUND OF THE INVENTION

Technical Field of the Invention

This invention relates generally to computer networking
and more particularly to database system and operation.

Description of Related Art

Computing devices are known to communicate data,
process data, and/or store data. Such computing devices
range from wireless smart phones, laptops, tablets, personal
computers (PC), work stations, and video game devices, to
data centers that support millions of web searches, stock
trades, or on-line purchases every day. In general, a com-
puting device includes a central processing unit (CPU), a
memory system, user input/output interfaces, peripheral
device interfaces, and an interconnecting bus structure.

As is further known, a computer may effectively extend
its CPU by using “cloud computing” to perform one or more
computing functions (e.g., a service, an application, an
algorithm, an arithmetic logic function, etc.) on behalf of the
computer. Further, for large services, applications, and/or
functions, cloud computing may be performed by multiple
cloud computing resources in a distributed manner to
improve the response time for completion of the service,
application, and/or function.

Of the many applications a computer can perform, a
database system is one of the largest and most complex
applications. In general, a database system stores a large
amount of data in a particular way for subsequent process-
ing. In some situations, the hardware of the computer is a
limiting factor regarding the speed at which a database
system can process a particular function. In some other
instances, the way in which the data is stored is a limiting
factor regarding the speed of execution. In yet some other
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instances, restricted co-process options are a limiting factor
regarding the speed of execution.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

FIG. 1 is a schematic block diagram of an embodiment of
a large scale data processing network that includes a data-
base system in accordance with the present invention;

FIG. 1A is a schematic block diagram of an embodiment
of a database system in accordance with the present inven-
tion;

FIG. 2 is a schematic block diagram of an embodiment of
an administrative sub-system in accordance with the present
invention;

FIG. 3 is a schematic block diagram of an embodiment of
a configuration sub-system in accordance with the present
invention;

FIG. 4 is a schematic block diagram of an embodiment of
a parallelized data input sub-system in accordance with the
present invention;

FIG. 5 is a schematic block diagram of an embodiment of
a parallelized query and response (Q&R) sub-system in
accordance with the present invention;

FIG. 6 is a schematic block diagram of an embodiment of
a parallelized data store, retrieve, and/or process (I10& P)
sub-system in accordance with the present invention;

FIG. 7 is a schematic block diagram of an embodiment of
a computing device in accordance with the present inven-
tion;

FIG. 8 is a schematic block diagram of another embodi-
ment of a computing device in accordance with the present
invention;

FIG. 9 is a schematic block diagram of another embodi-
ment of a computing device in accordance with the present
invention;

FIG. 10 is a schematic block diagram of an embodiment
of a node of a computing device in accordance with the
present invention;

FIG. 11 is a schematic block diagram of an embodiment
of a node of a computing device in accordance with the
present invention;

FIG. 12 is a schematic block diagram of an embodiment
of a node of a computing device in accordance with the
present invention;

FIG. 13 is a schematic block diagram of an embodiment
of a node of a computing device in accordance with the
present invention;

FIG. 14 is a schematic block diagram of an embodiment
of operating systems of a computing device in accordance
with the present invention;

FIGS. 15-23 are schematic block diagrams of an example
of processing a table or data set for storage in the database
system in accordance with the present invention;

FIG. 24A is a schematic block diagram of a query
execution plan implemented via a plurality of nodes in
accordance with various embodiments of the present inven-
tion;

FIGS. 24B-24D are schematic block diagrams of embodi-
ments of a node that implements a query processing module
in accordance with various embodiments of the present
invention;

FIG. 24E is a schematic block diagram of shuffle node
sets of a query execution plan in accordance with various
embodiments of the present invention;
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FIG. 25A is a schematic block diagram of a relay node set
utilized to route data blocks from a source node to a
destination node in accordance with various embodiments of
the present invention;

FIG. 25B is a schematic block diagram of a plurality of
nodes that each utilize a data block routing module to
determine a selected intermediate node in accordance with
routing data blocks from a source node to a destination node
in accordance with various embodiments of the present
invention;

FIG. 25C is a schematic block diagram of a node that
utilizes a data block routing module in accordance with
various embodiments of the present invention;

FIG. 25D is a schematic block diagram illustrating an
example network of possible routes for routing data blocks
in accordance with various embodiments of the present
invention;

FIGS. 25E-25F are schematic block diagrams of data
block routing modules used by different nodes to route data
blocks in the example network of possible routes in accor-
dance with various embodiments of the present invention;

FIG. 25G is a logic diagram illustrating a method of
routing data blocks for query execution in accordance with
various embodiments of the present invention;

FIG. 26A is a schematic block diagram of an initial route
generator module in accordance with various embodiments
of the present invention;

FIG. 26B is a logic diagram illustrating a method of
generating initial routes for use in data block routing in
accordance with various embodiments of the present inven-
tion;

FIG. 27A is a schematic block diagrams of prioritized
feedback node sets utilized to route feedback data blocks in
accordance with various embodiments of the present inven-
tion;

FIG. 27B is a schematic block diagrams of nodes in
prioritized feedback node set that each utilize a prioritized
feedback routing module to route feedback data blocks in
accordance with various embodiments of the present inven-
tion;

FIG. 27C is a schematic block diagram of a data block
routing module operable to perform in accordance with a
prioritize feedback routing mode in accordance with various
embodiments of the present invention;

FIG. 27D is a logic diagram illustrating a method of
prioritizing routing of feedback data blocks for in accor-
dance with various embodiments of the present invention;

FIG. 28A is a schematic block diagram of a node that
utilizes a data block cache in accordance with various
embodiments of the present invention; and

FIG. 28B is a schematic illustrating a method of main-
taining a data block cache of data blocks with unknown
purpose in accordance with various embodiments of the
present invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 is a schematic block diagram of an embodiment of
a large-scale data processing network that includes data
gathering devices (1, 1-1 through 1-»), data systems (2, 2-1
through 2-N), data storage systems (3, 3-1 through 3-), a
network 4, and a database system 10. The data gathering
devices are computing devices that collect a wide variety of
data and may further include sensors, monitors, measuring
instruments, and/or other instrument for collecting data. The
data gathering devices collect data in real-time (i.e., as it is
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happening) and provides it to data system 2-1 for storage and
real-time processing of queries 5-1 to produce responses 6-1.
As an example, the data gathering devices are computing in
a factory collecting data regarding manufacturing of one or
more products and the data system is evaluating queries to
determine manufacturing efficiency, quality control, and/or
product development status.

The data storage systems 3 store existing data. The
existing data may originate from the data gathering devices
or other sources, but the data is not real time data. For
example, the data storage system stores financial data of a
bank, a credit card company, or like financial institution. The
data system 2-N processes queries 5-N regarding the data
stored in the data storage systems to produce responses 6-N.

Data system 2 processes queries regarding real time data
from data gathering devices and/or queries regarding non-
real time data stored in the data storage system 3. The data
system 2 produces responses in regard to the queries.
Storage of real time and non-real time data, the processing
of queries, and the generating of responses will be discussed
with reference to one or more of the subsequent figures.

FIG. 1A is a schematic block diagram of an embodiment
of a database system 10 that includes a parallelized data
input sub-system 11, a parallelized data store, retrieve,
and/or process sub-system 12, a parallelized query and
response sub-system 13, system communication resources
14, an administrative sub-system 15, and a configuration
sub-system 16. The system communication resources 14
include one or more of wide area network (WAN) connec-
tions, local area network (LAN) connections, wireless con-
nections, wireline connections, etc. to couple the sub-sys-
tems 11, 12, 13, 15, and 16 together.

Each of the sub-systems 11, 12, 13, 15, and 16 include a
plurality of computing devices; an example of which is
discussed with reference to one or more of FIGS. 7-9.
Hereafter, the parallelized data input sub-system 11 may be
also be referred to as a data input sub-system, the paral-
lelized data store, retrieve, and/or process sub-system may
be also be referred to as a data storage and processing
sub-system, and the parallelized query and response sub-
system 13 may be also be referred to as a query and results
sub-system.

In an example of operation, the parallelized data input
sub-system 11 receives a data set (e.g., a table) that includes
a plurality of records. A record includes a plurality of data
fields. As a specific example, the data set includes tables of
data from a data source. For example, a data source includes
one or more computers. As another example, the data source
is a plurality of machines. As yet another example, the data
source is a plurality of data mining algorithms operating on
one or more computers.

As is further discussed with reference to FIG. 15, the data
source organizes its records of the data set into a table that
includes rows and columns. The columns represent data
fields of data for the rows. Each row corresponds to a record
of'data. For example, a table include payroll information for
a company’s employees. Each row is an employee’s payroll
record. The columns include data fields for employee name,
address, department, annual salary, tax deduction informa-
tion, direct deposit information, etc.

The parallelized data input sub-system 11 processes a
table to determine how to store it. For example, the paral-
lelized data input sub-system 11 divides the data set into a
plurality of data partitions. For each partition, the paral-
lelized data input sub-system 11 divides it into a plurality of
data segments based on a segmenting factor. The segmenting
factor includes a variety of approaches divide a partition into
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segments. For example, the segment factor indicates a
number of records to include in a segment. As another
example, the segmenting factor indicates a number of seg-
ments to include in a segment group. As another example,
the segmenting factor identifies how to segment a data
partition based on storage capabilities of the data store and
processing sub-system. As a further example, the segment-
ing factor indicates how many segments for a data partition
based on a redundancy storage encoding scheme.

As an example of dividing a data partition into segments
based on a redundancy storage encoding scheme, assume
that it includes a 4 of 5 encoding scheme (meaning any 4 of
5 encoded data elements can be used to recover the data).
Based on these parameters, the parallelized data input sub-
system 11 divides a data partition into 5 segments: one
corresponding to each of the data elements).

The parallelized data input sub-system 11 restructures the
plurality of data segments to produce restructured data
segments. For example, the parallelized data input sub-
system 11 restructures records of a first data segment of the
plurality of data segments based on a key field of the
plurality of data fields to produce a first restructured data
segment. The key field is common to the plurality of records.
As a specific example, the parallelized data input sub-system
11 restructures a first data segment by dividing the first data
segment into a plurality of data slabs (e.g., columns of a
segment of a partition of a table). Using one or more of the
columns as a key, or keys, the parallelized data input
sub-system 11 sorts the data slabs. The restructuring to
produce the data slabs is discussed in greater detail with
reference to FIG. 4 and FIGS. 16-18.

The parallelized data input sub-system 11 also generates
storage instructions regarding how sub-system 12 is to store
the restructured data segments for efficient processing of
subsequently received queries regarding the stored data. For
example, the storage instructions include one or more of: a
naming scheme, a request to store, a memory resource
requirement, a processing resource requirement, an expected
access frequency level, an expected storage duration, a
required maximum access latency time, and other require-
ments associated with storage, processing, and retrieval of
data.

A designated computing device of the parallelized data
store, retrieve, and/or process sub-system 12 receives the
restructured data segments and the storage instructions. The
designated computing device (which is randomly selected,
selected in a round robin manner, or by default) interprets
the storage instructions to identify resources (e.g., itself; its
components, other computing devices, and/or components
thereof) within the computing device’s storage cluster. The
designated computing device then divides the restructured
data segments of a segment group of a partition of a table
into segment divisions based on the identified resources
and/or the storage instructions. The designated computing
device then sends the segment divisions to the identified
resources for storage and subsequent processing in accor-
dance with a query. The operation of the parallelized data
store, retrieve, and/or process sub-system 12 is discussed in
greater detail with reference to FIG. 6.

The parallelized query and response sub-system 13
receives queries regarding tables (e.g., data sets) and pro-
cesses the queries prior to sending them to the parallelized
data store, retrieve, and/or process sub-system 12 for execu-
tion. For example, the parallelized query and response
sub-system 13 generates an initial query plan based on a data
processing request (e.g., a query) regarding a data set (e.g.,
the tables). Sub-system 13 optimizes the initial query plan
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based on one or more of the storage instructions, the
engaged resources, and optimization functions to produce an
optimized query plan.

For example, the parallelized query and response sub-
system 13 receives a specific query no. 1 regarding the data
set no. 1 (e.g., a specific table). The query is in a standard
query format such as Open Database Connectivity (ODBC),
Java Database Connectivity (JDBC), and/or SPARK. The
query is assigned to a node within the parallelized query and
response sub-system 13 for processing. The assigned node
identifies the relevant table, determines where and how it is
stored, and determines available nodes within the paral-
lelized data store, retrieve, and/or process sub-system 12 for
processing the query.

In addition, the assigned node parses the query to create
an abstract syntax tree. As a specific example, the assigned
node converts an SQL (Standard Query Language) state-
ment into a database instruction set. The assigned node then
validates the abstract syntax tree. If not valid, the assigned
node generates a SQL exception, determines an appropriate
correction, and repeats. When the abstract syntax tree is
validated, the assigned node then creates an annotated
abstract syntax tree. The annotated abstract syntax tree
includes the verified abstract syntax tree plus annotations
regarding column names, data type(s), data aggregation or
not, correlation or not, sub-query or not, and so on.

The assigned node then creates an initial query plan from
the annotated abstract syntax tree. The assigned node opti-
mizes the initial query plan using a cost analysis function
(e.g., processing time, processing resources, etc.) and/or
other optimization functions. Having produced the opti-
mized query plan, the parallelized query and response sub-
system 13 sends the optimized query plan to the parallelized
data store, retrieve, and/or process sub-system 12 for execu-
tion. The operation of the parallelized query and response
sub-system 13 is discussed in greater detail with reference to
FIG. 5.

The parallelized data store, retrieve, and/or process sub-
system 12 executes the optimized query plan to produce
resultants and sends the resultants to the parallelized query
and response sub-system 13. Within the parallelized data
store, retrieve, and/or process sub-system 12, a computing
device is designated as a primary device for the query plan
(e.g., optimized query plan) and receives it. The primary
device processes the query plan to identify nodes within the
parallelized data store, retrieve, and/or process sub-system
12 for processing the query plan. The primary device then
sends appropriate portions of the query plan to the identified
nodes for execution. The primary device receives responses
from the identified nodes and processes them in accordance
with the query plan.

The primary device of the parallelized data store, retrieve,
and/or process sub-system 12 provides the resulting
response (e.g., resultants) to the assigned node of the par-
allelized query and response sub-system 13. For example,
the assigned node determines whether further processing is
needed on the resulting response (e.g., joining, filtering,
etc.). If not, the assigned node outputs the resulting response
as the response to the query (e.g., a response for query no.
1 regarding data set no. 1). If, however, further processing is
determined, the assigned node further processes the result-
ing response to produce the response to the query. Having
received the resultants, the parallelized query and response
sub-system 13 creates a response from the resultants for the
data processing request.

FIG. 2 is a schematic block diagram of an embodiment of
the administrative sub-system 15 of FIG. 1A that includes
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one or more computing devices 18-1 through 18-». Each of
the computing devices executes an administrative process-
ing function utilizing a corresponding administrative pro-
cessing of administrative processing 19-1 through 19-»
(which includes a plurality of administrative operations) that
coordinates system level operations of the database system.
Each computing device is coupled to an external network 17,
or networks, and to the system communication resources 14
of FIG. 1A.

As will be described in greater detail with reference to one
or more subsequent figures, a computing device includes a
plurality of nodes and each node includes a plurality of
processing core resources. Each processing core resource is
capable of executing at least a portion of an administrative
operation independently. This supports lock free and parallel
execution of one or more administrative operations.

The administrative sub-system 15 functions to store meta-
data of the data set described with reference to FIG. 1A. For
example, the storing includes generating the metadata to
include one or more of an identifier of a stored table, the size
of the stored table (e.g., bytes, number of columns, number
of rows, etc.), labels for key fields of data segments, a data
type indicator, the data owner, access permissions, available
storage resources, storage resource specifications, software
for operating the data processing, historical storage infor-
mation, storage statistics, stored data access statistics (e.g.,
frequency, time of day, accessing entity identifiers, etc.) and
any other information associated with optimizing operation
of the database system 10.

FIG. 3 is a schematic block diagram of an embodiment of
the configuration sub-system 16 of FIG. 1A that includes one
or more computing devices 18-1 through 18-». Each of the
computing devices executes a configuration processing
function 20-1 through 20-» (which includes a plurality of
configuration operations) that coordinates system level con-
figurations of the database system. Each computing device
is coupled to the external network 17 of FIG. 2, or networks,
and to the system communication resources 14 of FIG. 1A.

FIG. 4 is a schematic block diagram of an embodiment of
the parallelized data input sub-system 11 of FIG. 1A that
includes a bulk data sub-system 23 and a parallelized ingress
sub-system 24. The bulk data sub-system 23 includes a
plurality of computing devices 18-1 through 18-z. A com-
puting device includes a bulk data processing function (e.g.,
27-1) for receiving a table from a network storage system 21
(e.g., a server, a cloud storage service, etc.) and processing
it for storage as generally discussed with reference to FIG.
1A.

The parallelized ingress sub-system 24 includes a plural-
ity of ingress data sub-systems 25-1 through 25-p that each
include a local communication resource of local communi-
cation resources 26-1 through 26-p and a plurality of com-
puting devices 18-1 through 18-z. A computing device
executes an ingress data processing function (e.g., 28-1) to
receive streaming data regarding a table via a wide area
network 22 and processing it for storage as generally dis-
cussed with reference to FIG. 1A. With a plurality of ingress
data sub-systems 25-1 through 25-p, data from a plurality of
tables can be streamed into the database system 10 at one
time.

In general, the bulk data processing function is geared
towards receiving data of a table in a bulk fashion (e.g., the
table exists and is being retrieved as a whole, or portion
thereof). The ingress data processing function is geared
towards receiving streaming data from one or more data
sources (e.g., receive data of a table as the data is being
generated). For example, the ingress data processing func-
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tion is geared towards receiving data from a plurality of
machines in a factory in a periodic or continual manner as
the machines create the data.

FIG. 5 is a schematic block diagram of an embodiment of
a parallelized query and results sub-system 13 that includes
a plurality of computing devices 18-1 through 18-». Each of
the computing devices executes a query (Q) & response (R)
processing function 33-1 through 33-n. The computing
devices are coupled to the wide area network 22 to receive
queries (e.g., query no. 1 regarding data set no. 1) regarding
tables and to provide responses to the queries (e.g., response
for query no. 1 regarding the data set no. 1). For example,
a computing device (e.g., 18-1) receives a query, creates an
initial query plan therefrom, and optimizes it to produce an
optimized plan. The computing device then sends compo-
nents (e.g., one or more operations) of the optimized plan to
the parallelized data store, retrieve, &/or process sub-system
12.

Processing resources of the parallelized data store,
retrieve, &/or process sub-system 12 processes the compo-
nents of the optimized plan to produce results components
32-1 through 32-n. The computing device of the Q&R
sub-system 13 processes the result components to produce a
query response.

The Q&R sub-system 13 allows for multiple queries
regarding one or more tables to be processed concurrently.
For example, a set of processing core resources of a com-
puting device (e.g., one or more processing core resources)
processes a first query and a second set of processing core
resources of the computing device (or a different computing
device) processes a second query.

As will be described in greater detail with reference to one
or more subsequent figures, a computing device includes a
plurality of nodes and each node includes multiple process-
ing core resources such that a plurality of computing devices
includes pluralities of multiple processing core resources A
processing core resource of the pluralities of multiple pro-
cessing core resources generates the optimized query plan
and other processing core resources of the pluralities of
multiple processing core resources generates other opti-
mized query plans for other data processing requests. Each
processing core resource is capable of executing at least a
portion of the Q & R function. In an embodiment, a plurality
of processing core resources of one or more nodes executes
the Q & R function to produce a response to a query. The
processing core resource is discussed in greater detail with
reference to FIG. 13.

FIG. 6 is a schematic block diagram of an embodiment of
a parallelized data store, retrieve, and/or process sub-system
12 that includes a plurality of computing devices, where
each computing device includes a plurality of nodes and
each node includes multiple processing core resources. Each
processing core resource is capable of executing at least a
portion of the function of the parallelized data store, retrieve,
and/or process sub-system 12. The plurality of computing
devices is arranged into a plurality of storage clusters. Each
storage cluster includes a number of computing devices.

In an embodiment, the parallelized data store, retrieve,
and/or process sub-system 12 includes a plurality of storage
clusters 35-1 through 35-z. Each storage cluster includes a
corresponding local communication resource 26-1 through
26-z and a number of computing devices 18-1 through 18-5.
Each computing device executes an input, output, and
processing (IO &P) processing function 34-1 through 34-5
to store and process data.

The number of computing devices in a storage cluster
corresponds to the number of segments (e.g., a segment



US 11,734,273 B2

9

group) in which a data partitioned is divided. For example,
if a data partition is divided into five segments, a storage
cluster includes five computing devices. As another
example, if the data is divided into eight segments, then
there are eight computing devices in the storage clusters.

To store a segment group of segments 29 within a storage
cluster, a designated computing device of the storage cluster
interprets storage instructions to identify computing devices
(and/or processing core resources thereof) for storing the
segments to produce identified engaged resources. The des-
ignated computing device is selected by a random selection,
a default selection, a round-robin selection, or any other
mechanism for selection.

The designated computing device sends a segment to each
computing device in the storage cluster, including itself.
Each of the computing devices stores their segment of the
segment group. As an example, five segments 29 of a
segment group are stored by five computing devices of
storage cluster 35-1. The first computing device 18-1-1
stores a first segment of the segment group; a second
computing device 18-2-1 stores a second segment of the
segment group; and so on. With the segments stored, the
computing devices are able to process queries (e.g., query
components from the Q&R sub-system 13) and produce
appropriate result components.

While storage cluster 35-1 is storing and/or processing a
segment group, the other storage clusters 35-2 through 35-»
are storing and/or processing other segment groups. For
example, a table is partitioned into three segment groups.
Three storage clusters store and/or process the three segment
groups independently. As another example, four tables are
independently storage and/or processed by one or more
storage clusters. As yet another example, storage cluster
35-1 is storing and/or processing a second segment group
while it is storing/or and processing a first segment group.

FIG. 7 is a schematic block diagram of an embodiment of
a computing device 18 that includes a plurality of nodes 37-1
through 37-4 coupled to a computing device controller hub
36. The computing device controller hub 36 includes one or
more of a chipset, a quick path interconnect (QPI), and an
ultra path interconnection (UPI). Each node 37-1 through
37-4 includes a central processing module 39-1 through
39-4, a main memory 40-1 through 40-4 (e.g., volatile
memory), a disk memory 38-1 through 38-4 (non-volatile
memory), and a network connection 41-1 through 41-4. In
an alternate configuration, the nodes share a network con-
nection, which is coupled to the computing device controller
hub 36 or to one of the nodes as illustrated in subsequent
figures.

In an embodiment, each node is capable of operating
independently of the other nodes. This allows for large scale
parallel operation of a query request, which significantly
reduces processing time for such queries. In another embodi-
ment, one or more node function as co-processors to share
processing requirements of a particular function, or func-
tions.

FIG. 8 is a schematic block diagram of another embodi-
ment of a computing device is similar to the computing
device of FIG. 7 with an exception that it includes a single
network connection 41, which is coupled to the computing
device controller hub 36. As such, each node coordinates
with the computing device controller hub to transmit or
receive data via the network connection.

FIG. 9 is a schematic block diagram of another embodi-
ment of a computing device is similar to the computing
device of FIG. 7 with an exception that it includes a single
network connection 41, which is coupled to a central pro-
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10
cessing module of a node (e.g., to central processing module
39-1 of node 37-1). As such, each node coordinates with the
central processing module via the computing device con-
troller hub 36 to transmit or receive data via the network
connection.

FIG. 10 is a schematic block diagram of an embodiment
of'a node 37 of computing device 18. The node 37 includes
the central processing module 39, the main memory 40, the
disk memory 38, and the network connection 41. The main
memory 40 includes read only memory (RAM) and/or other
form of volatile memory for storage of data and/or opera-
tional instructions of applications and/or of the operating
system. The central processing module 39 includes a plu-
rality of processing modules 44-1 through 44-z and an
associated one or more cache memory 45. A processing
module is as defined at the end of the detailed description.

The disk memory 38 includes a plurality of memory
interface modules 43-1 through 43-» and a plurality of
memory devices 42-1 through 42-r» (e.g., non-volatile
memory). The memory devices 42-1 through 42-z include,
but are not limited to, solid state memory, disk drive
memory, cloud storage memory, and other non-volatile
memory. For each type of memory device, a different
memory interface module 43-1 through 43-» is used. For
example, solid state memory uses a standard, or serial, ATA
(SATA), variation, or extension thereof, as its memory
interface. As another example, disk drive memory devices
use a small computer system interface (SCSI), variation, or
extension thereof, as its memory interface.

In an embodiment, the disk memory 38 includes a plu-
rality of solid state memory devices and corresponding
memory interface modules. In another embodiment, the disk
memory 38 includes a plurality of solid state memory
devices, a plurality of disk memories, and corresponding
memory interface modules.

The network connection 41 includes a plurality of net-
work interface modules 46-1 through 46-7 and a plurality of
network cards 47-1 through 47-n. A network card includes
a wireless LAN (WLAN) device (e.g., an IEEE 802.11n or
another protocol), a LAN device (e.g., Ethernet), a cellular
device (e.g., CDMA), etc. The corresponding network inter-
face modules 46-1 through 46-z include a software driver
for the corresponding network card and a physical connec-
tion that couples the network card to the central processing
module 39 or other component(s) of the node.

The connections between the central processing module
39, the main memory 40, the disk memory 38, and the
network connection 41 may be implemented in a variety of
ways. For example, the connections are made through a
node controller (e.g., a local version of the computing device
controller hub 36). As another example, the connections are
made through the computing device controller hub 36.

FIG. 11 is a schematic block diagram of an embodiment
of' a node 37 of a computing device 18 that is similar to the
node of FIG. 10, with a difference in the network connec-
tion. In this embodiment, the node 37 includes a single
network interface module 46 and a corresponding network
card 47 configuration.

FIG. 12 is a schematic block diagram of an embodiment
of' a node 37 of a computing device 18 that is similar to the
node of FIG. 10, with a difference in the network connec-
tion. In this embodiment, the node 37 connects to a network
connection via the computing device controller hub 36.

FIG. 13 is a schematic block diagram of another embodi-
ment of a node 37 of computing device 18 that includes
processing core resources 48-1 through 48-n, a memory
device (MD) bus 49, a processing module (PM) bus 50, a
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main memory 40 and a network connection 41. The network
connection 41 includes the network card 47 and the network
interface module 46 of FIG. 10. Each processing core
resource 48 includes a corresponding processing module
44-1 through 44-n, a corresponding memory interface mod-
ule 43-1 through 43-n, a corresponding memory device 42-1
through 42-n, and a corresponding cache memory 45-1
through 45-x. In this configuration, each processing core
resource can operate independently of the other processing
core resources. This further supports increased parallel
operation of database functions to further reduce execution
time.

The main memory 40 is divided into a computing device
(CD) 56 section and a database (DB) 51 section. The
database section includes a database operating system (OS)
area 52, a disk area 53, a network area 54, and a general area
55. The computing device section includes a computing
device operating system (OS) area 57 and a general area 58.
Note that each section could include more or less allocated
areas for various tasks being executed by the database
system.

In general, the database OS 52 allocates main memory for
database operations. Once allocated, the computing device
OS 57 cannot access that portion of the main memory 40.
This supports lock free and independent parallel execution
of one or more operations.

FIG. 14 is a schematic block diagram of an embodiment
of operating systems of a computing device 18. The com-
puting device 18 includes a computer operating system 60
and a database overriding operating system (DB OS) 61. The
computer OS 60 includes process management 62, file
system management 63, device management 64, memory
management 66, and security 65. The processing manage-
ment 62 generally includes process scheduling 67 and
inter-process communication and synchronization 68. In
general, the computer OS 60 is a conventional operating
system used by a variety of types of computing devices. For
example, the computer operating system is a personal com-
puter operating system, a server operating system, a tablet
operating system, a cell phone operating system, etc.

The database overriding operating system (DB OS) 61
includes custom DB device management 69, custom DB
process management 70 (e.g., process scheduling and/or
inter-process communication & synchronization), custom
DB file system management 71, custom DB memory man-
agement 72, and/or custom security 73. In general, the
database overriding OS 61 provides hardware components
of a node for more direct access to memory, more direct
access to a network connection, improved independency,
improved data storage, improved data retrieval, and/or
improved data processing than the computing device OS.

In an example of operation, the database overriding OS 61
controls which operating system, or portions thereof, operate
with each node and/or computing device controller hub of a
computing device (e.g., via OS select 75-1 through 75-n
when communicating with nodes 37-1 through 37-» and via
OS select 75-m when communicating with the computing
device controller hub 36). For example, device management
of a node is supported by the computer operating system,
while process management, memory management, and file
system management are supported by the database overrid-
ing operating system. To override the computer OS, the
database overriding OS provides instructions to the com-
puter OS regarding which management tasks will be con-
trolled by the database overriding OS. The database over-
riding OS also provides notification to the computer OS as
to which sections of the main memory it is reserving
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exclusively for one or more database functions, operations,
and/or tasks. One or more examples of the database over-
riding operating system are provided in subsequent figures.

FIGS. 15-23 are schematic block diagrams of an example
of processing a table or data set for storage in the database
system 10. FIG. 15 illustrates an example of a data set or
table that includes 32 columns and 80 rows, or records, that
is received by the parallelized data input-subsystem. This is
a very small table, but is sufficient for illustrating one or
more concepts regarding one or more aspects of a database
system. The table is representative of a variety of data
ranging from insurance data, to financial data, to employee
data, to medical data, and so on.

FIG. 16 illustrates an example of the parallelized data
input-subsystem dividing the data set into two partitions.
Each of the data partitions includes 40 rows, or records, of
the data set. In another example, the parallelized data
input-subsystem divides the data set into more than two
partitions. In yet another example, the parallelized data
input-subsystem divides the data set into many partitions
and at least two of the partitions have a different number of
rOws.

FIG. 17 illustrates an example of the parallelized data
input-subsystem dividing a data partition into a plurality of
segments to form a segment group. The number of segments
in a segment group is a function of the data redundancy
encoding. In this example, the data redundancy encoding is
single parity encoding from four data pieces; thus, five
segments are created. In another example, the data redun-
dancy encoding is a two parity encoding from four data
pieces; thus, six segments are created. In yet another
example, the data redundancy encoding is single parity
encoding from seven data pieces; thus, eight segments are
created.

FIG. 18 illustrates an example of data for segment 1 of the
segments of FIG. 17. The segment is in a raw form since it
has not yet been key column sorted. As shown, segment 1
includes 8 rows and 32 columns. The third column is
selected as the key column and the other columns stored
various pieces of information for a given row (i.e., a record).
The key column may be selected in a variety of ways. For
example, the key column is selected based on a type of query
(e.g., a query regarding a year, where a data column is
selected as the key column). As another example, the key
column is selected in accordance with a received input
command that identified the key column. As yet another
example, the key column is selected as a default key column
(e.g., a date column, an ID column, etc.)

As an example, the table is regarding a fleet of vehicles.
Each row represents data regarding a unique vehicle. The
first column stores a vehicle ID, the second column stores
make and model information of the vehicle. The third
column stores data as to whether the vehicle is on or off. The
remaining columns store data regarding the operation of the
vehicle such as mileage, gas level, oil level, maintenance
information, routes taken, etc.

With the third column selected as the key column, the
other columns of the segment are to be sorted based on the
key column. Prior to sorted, the columns are separated to
form data slabs. As such, one column is separated out to
form one data slab.

FIG. 19 illustrates an example of the parallelized data
input-subsystem dividing segment 1 of FIG. 18 into a
plurality of data slabs. A data slab is a column of segment 1.
In this figure, the data of the data slabs has not been sorted.
Once the columns have been separated into data slabs, each
data slab is sorted based on the key column. Note that more
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than one key column may be selected and used to sort the
data slabs based on two or more other columns.

FIG. 20 illustrates an example of the parallelized data
input-subsystem sorting the each of the data slabs based on
the key column. In this example, the data slabs are sorted
based on the third column which includes data of “on” or
“off”. The rows of a data slab are rearranged based on the
key column to produce a sorted data slab. Each segment of
the segment group is divided into similar data slabs and
sorted by the same key column to produce sorted data slabs.

FIG. 21 illustrates an example of each segment of the
segment group sorted into sorted data slabs. The similarity
of data from segment to segment is for the convenience of
illustration. Note that each segment has its own data, which
may or may not be similar to the data in the other sections.

FIG. 22 illustrates an example of a segment structure for
a segment of the segment group. The segment structure for
a segment includes the data & parity section, a manifest
section, one or more index sections, and a statistics section.
The segment structure represents a storage mapping of the
data (e.g., data slabs and parity data) of a segment and
associated data (e.g., metadata, statistics, key column(s),
etc.) regarding the data of the segment. The sorted data slabs
of FIG. 16 of the segment are stored in the data & parity
section of the segment structure. The sorted data slabs are
stored in the data & parity section in a compressed format or
as raw data (i.e,, non-compressed format). Note that a
segment structure has a particular data size (e.g., 32 Giga-
Bytes) and data is stored within in coding block sizes (e.g.,
4 Kilo-Bytes).

Before the sorted data slabs are stored in the data & parity
section, or concurrently with storing in the data & parity
section, the sorted data slabs of a segment are redundancy
encoded. The redundancy encoding may be done in a variety
of ways. For example, the redundancy encoding is in accor-
dance with RAID 5, RAID 6, or RAID 10. As another
example, the redundancy encoding is a form of forward error
encoding (e.g., Reed Solomon, Trellis, etc.). As another
example, the redundancy encoding utilizes an erasure cod-
ing scheme. An example of redundancy encoding is dis-
cussed in greater detail with reference to one or more of
FIGS. 29-36.

The manifest section stores metadata regarding the sorted
data slabs. The metadata includes one or more of, but is not
limited to, descriptive metadata, structural metadata, and/or
administrative metadata. Descriptive metadata includes one
or more of, but is not limited to, information regarding data
such as name, an abstract, keywords, author, etc. Structural
metadata includes one or more of, but is not limited to,
structural features of the data such as page size, page
ordering, formatting, compression information, redundancy
encoding information, logical addressing information,
physical addressing information, physical to logical address-
ing information, etc. Administrative metadata includes one
or more of, but is not limited to, information that aids in
managing data such as file type, access privileges, rights
management, preservation of the data, etc.

The key column is stored in an index section. For
example, a first key column is stored in index #0. If a second
key column exists, it is stored in index #1. As such, for each
key column, it is stored in its own index section. Alterna-
tively, one or more key columns are stored in a single index
section.

The statistics section stores statistical information regard-
ing the segment and/or the segment group. The statistical
information includes one or more of, but is not limited, to
number of rows (e.g., data values) in one or more of the
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sorted data slabs, average length of one or more of the sorted
data slabs, average row size (e.g., average size of a data
value), etc. The statistical information includes information
regarding raw data slabs, raw parity data, and/or compressed
data slabs and parity data.

FIG. 23 illustrates the segment structures for each seg-
ment of a segment group having five segments. Each seg-
ment includes a data & parity section, a manifest section,
one or more index sections, and a statistic section. Each
segment is targeted for storage in a different computing
device of a storage cluster. The number of segments in the
segment group corresponds to the number of computing
devices in a storage cluster. In this example, there are five
computing devices in a storage cluster. Other examples
include more or less than five computing devices in a storage
cluster.

FIG. 24A illustrates an example of a query execution plan
2405 implemented by the database system 10 to execute one
or more queries by utilizing a plurality of nodes 37. Each
node 37 can be utilized to implement some or all of the
plurality of nodes 37 of some or all computing devices
18-1-18-n, for example, of the of the parallelized data store,
retrieve, and/or process sub-system 12, and/or of the paral-
lelized query and results sub-system 13. The query execu-
tion plan can include a plurality of levels 2410. In this
example, a plurality of H levels in a corresponding tree
structure of the query execution plan 2405 are included. The
plurality of levels can include a top, root level 2412; a
bottom, 10 level 2416, and one or more inner levels 2414.
In some embodiments, there is exactly one inner level 2414,
resulting in a tree of exactly three levels 2410.1, 2410.2, and
2410.3, where level 2410.H corresponds to level 2410.3. In
such embodiments, level 2410.2 is the same as level 2410.H-
1, and there are no other inner levels 2410.3-2410.H-2.
Alternatively, any number of multiple inner levels 2414 can
be implemented to result in a tree with more than three
levels.

This illustration of query execution plan 2405 illustrates
the flow of execution of a given query by utilizing a subset
of nodes across some or all of the levels 2410. In this
illustration, nodes 37 with a solid outline are nodes involved
in executing a given query. Nodes 37 with a dashed outline
are other possible nodes that are not involved in executing
the given query, but could be involved in executing other
queries in accordance with their level of the query execution
plan in which they are included.

Each of the nodes of IO level 2416 can be operable to, for
a given query, perform the necessary row reads for gathering
corresponding rows of the query. These row reads can
correspond to the segment retrieval to read some or all of the
rows of retrieved segments determined to be required for the
given query. Thus, the nodes 37 in level 2416 can include
any nodes 37 operable to retrieve segments for query
execution from its own storage or from storage by one or
more other nodes; to recover segment for query execution
via other segments in the same segment grouping by utiliz-
ing the redundancy error encoding scheme; and/or to deter-
mine which exact set of segments is assigned to the node for
retrieval to ensure queries are executed correctly.

10 level 2416 can include all nodes in a given storage
cluster 35 and/or can include some or all nodes in multiple
storage clusters 35, such as all nodes in a subset of the
storage clusters 35-1-35-z and/or all nodes in all storage
clusters 35-1-35-z. For example, all nodes 37 and/or all
currently available nodes 37 of the database system 10 can
be included in level 2416. As another example, 10 level
2416 can include a proper subset of nodes in the database
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system, such as some or all nodes that have access to stored
segments and/or that are included in a segment set 35. In
some cases, nodes 37 that do not store segments included in
segment sets, that do not have access to stored segments,
and/or that are not operable to perform row reads are not
included at the 10 level, but can be included at one or more
inner levels 2414 and/or root level 2412.

The query executions discussed herein by nodes in accor-
dance with executing queries at level 2416 can include
retrieval of segments; extracting some or all necessary rows
from the segments with some or all necessary columns; and
sending these retrieved rows to a node at the next level
2410.H-1 as the query resultant generated by the node 37.
For each node 37 at 1O level 2416, the set of raw rows
retrieved by the node 37 can be distinct from rows retrieved
from all other nodes, for example, to ensure correct query
execution. The total set of rows and/or corresponding col-
umns retrieved by nodes 37 in the 10 level for a given query
can be dictated based on the domain of the given query, such
as one or more tables indicated in one or more SELECT
statements of the query, and/or can otherwise include all data
blocks that are necessary to execute the given query.

Each inner level 2414 can include a subset of nodes 37 in
the database system 10. Each level 2414 can include a
distinct set of nodes 37 and/or some or more levels 2414 can
include overlapping sets of nodes 37. The nodes 37 at inner
levels are implemented, for each given query, to execute
queries in conjunction with operators for the given query.
For example, a query operator execution flow can be gen-
erated for a given incoming query, where an ordering of
execution of its operators is determined, and this ordering is
utilized to assign one or more operators of the query operator
execution flow to each node in a given inner level 2414 for
execution. For example, each node at a same inner level can
be operable to execute a same set of operators for a given
query, in response to being selected to execute the given
query, upon incoming resultants generated by nodes at a
directly lower level to generate its own resultants sent to a
next higher level. In particular, each node at a same inner
level can be operable to execute a same portion of a same
query operator execution flow for a given query. In cases
where there is exactly one inner level, each node selected to
execute a query at a given inner level performs some or all
of the given query’s operators upon the raw rows received
as resultants from the nodes at the 10 level, such as the entire
query operator execution flow and/or the portion of the
query operator execution flow performed upon data that has
already been read from storage by nodes at the 1O level. In
some cases, some operators beyond row reads are also
performed by the nodes at the 10O level. Each node at a given
inner level 2414 can further perform a gather function to
collect, union, and/or aggregate resultants sent from a pre-
vious level, for example, in accordance with one or more
corresponding operators of the given query.

The root level 2412 can include exactly one node for a
given query that gathers resultants from every node at the
top-most inner level 2414. The node 37 at root level 2412
can perform additional query operators of the query and/or
can otherwise collect, aggregate, and/or union the resultants
from the top-most inner level 2414 to generate the final
resultant of the query, which includes the resulting set of
rows and/or one or more aggregated values, in accordance
with the query, based on being performed on all rows
required by the query. The root level node can be selected
from a plurality of possible root level nodes, where different
root nodes are selected for different queries. Alternatively,
the same root node can be selected for all queries.
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As depicted in FIG. 24A, resultants are sent by nodes
upstream with respect to the tree structure of the query
execution plan as they are generated, where the root node
generates a final resultant of the query. While not depicted
in FIG. 24A, nodes at a same level can share data and/or
send resultants to each other, for example, in accordance
with operators of the query at this same level dictating that
data is sent between nodes.

In some cases, the 10 level 2416 always includes the same
set of nodes 37, such as a full set of nodes and/or all nodes
that are in a storage cluster 35 that stores data required to
process incoming queries. In some cases, the lowest inner
level corresponding to level 2410.H-1 includes at least one
node from the 1O level 2416 in the possible set of nodes. In
such cases, while each selected node in level 2410.H-1 is
depicted to process resultants sent from other nodes 37 in
FIG. 24A, each selected node in level 2410.H-1 that also
operates as a node at the 10 level further performs its own
row reads in accordance with its query execution at the 10
level, and gathers the row reads received as resultants from
other nodes at the IO level with its own row reads for
processing via operators of the query. One or more inner
levels 2414 can also include nodes that are not included in
10 level 2416, such as nodes 37 that do not have access to
stored segments and/or that are otherwise not operable
and/or selected to perform row reads for some or all queries.

The node 37 at root level 2412 can be fixed for all queries,
where the set of possible nodes at root level 2412 includes
only one node that executes all queries at the root level of the
query execution plan. Alternatively, the root level 2412 can
similarly include a set of possible nodes, where one node
selected from this set of possible nodes for each query and
where different nodes are selected from the set of possible
nodes for different queries. In such cases, the nodes at inner
level 2410.2 determine which of the set of possible root
nodes to send their resultant to. In some cases, the single
node or set of possible nodes at root level 2412 is a proper
subset of the set of nodes at inner level 2410.2, and/or is a
proper subset of the set of nodes at the 10 level 2416. In
cases where the root node is included at inner level 2410.2,
the root node generates its own resultant in accordance with
inner level 2410.2, for example, based on multiple resultants
received from nodes at level 2410.3, and gathers its resultant
that was generated in accordance with inner level 2410.2
with other resultants received from nodes at inner level
2410.2 to ultimately generate the final resultant in accor-
dance with operating as the root level node.

In some cases where nodes are selected from a set of
possible nodes at a given level for processing a given query,
the selected node must have been selected for processing
this query at each lower level of the query execution tree.
For example, if a particular node is selected to process a
node at a particular inner level, it must have processed the
query to generate resultants at every lower inner level and
the IO level. In such cases, each selected node at a particular
level will always use its own resultant that was generated for
processing at the previous, lower level, and will gather this
resultant with other resultants received from other child
nodes at the previous, lower level. Alternatively, nodes that
have not yet processed a given query can be selected for
processing at a particular level, where all resultants being
gathered are therefore received from a set of child nodes that
do not include the selected node.

The configuration of query execution plan 2405 for a
given query can be determined in a downstream fashion, for
example, where the tree is formed from the root downwards.
Nodes at corresponding levels are determined from configu-
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ration information received from corresponding parent
nodes and/or nodes at higher levels, and can each send
configuration information to other nodes, such as their own
child nodes, at lower levels until the lowest level is reached.
This configuration information can include assignment of a
particular subset of operators of the set of query operators
that each level and/or each node will perform for the query.
The execution of the query is performed upstream in accor-
dance with the determined configuration, where 1O reads are
performed first, and resultants are forwarded upwards until
the root node ultimately generates the query result.

FIG. 24B illustrates an embodiment of a node 37 execut-
ing a query in accordance with the query execution plan
2405 by implementing a query processing module 2435. The
query processing module 2435 can operable to execute a
query operator execution flow 2433 determined by the node
37, where the query operator execution flow 2433 corre-
sponds to the entirety of processing of the query upon
incoming data assigned to the corresponding node 37 in
accordance with its role in the query execution plan 2405.
This embodiment of node 37 that utilizes a query processing
module 2435 can be utilized to implement some or all of the
plurality of nodes 37 of some or all computing devices
18-1-18-n, for example, of the of the parallelized data store,
retrieve, and/or process sub-system 12, and/or of the paral-
lelized query and results sub-system 13.

As used herein, execution of a particular query by a
particular node 37 can correspond to the execution of the
portion of the particular query assigned to the particular
node in accordance with full execution of the query by the
plurality of nodes involved in the query execution plan 2405.
This portion of the particular query assigned to a particular
node can correspond to execution plurality of operators
indicated by a query operator execution flow 2433. In
particular, the execution of the query for a node 37 at an
inner level 2414 and/or root level 2412 corresponds to
generating a resultant by processing all incoming resultants
received from nodes at a lower level of the query execution
plan 2405 that send their own resultants to the node 37. The
execution of the query for a node 37 at the IO level
corresponds to generating all resultant data blocks by
retrieving and/or recovering all segments assigned to the
node 37.

Thus, as used herein, a node 37’s full execution of a given
query corresponds to only a portion of the query’s execution
across all nodes in the query execution plan 2405. In
particular, a resultant generated by an inner level node 37’s
execution of a given query may correspond to only a portion
of the entire query result, such as a subset of rows in a final
result set, where other nodes generate their own resultants to
generate other portions of the full resultant of the query. In
such embodiments, a plurality of nodes at this inner level
can fully execute queries on different portions of the query
domain independently in parallel by utilizing the same query
operator execution flow 2433. Resultants generated by each
of the plurality of nodes at this inner level 2414 can be
gathered into a final result of the query, for example, by the
node 37 at root level 2412 if this inner level is the top-most
inner level 2414 or the only inner level 2414. As another
example, resultants generated by each of the plurality of
nodes at this inner level 2414 can be further processed via
additional operators of a query operator execution flow 2433
being implemented by another node at a consecutively
higher inner level 2414 of the query execution plan 2405,
where all nodes at this consecutively higher inner level 2414
all execute their own same query operator execution flow
2433.
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As discussed in further detail herein, the resultant gener-
ated by a node 37 can include a plurality of resultant data
blocks generated via a plurality of partial query executions.
As used herein, a partial query execution performed by a
node corresponds to generating a resultant based on only a
subset of the query input received by the node 37. In
particular, the query input corresponds to all resultants
generated by one or more nodes at a lower level of the query
execution plan that send their resultants to the node. How-
ever, this query input can correspond to a plurality of input
data blocks received over time, for example, in conjunction
with the one or more nodes at the lower level processing
their own input data blocks received over time to generate
their resultant data blocks sent to the node over time. Thus,
the resultant generated by a node’s full execution of a query
can include a plurality of resultant data blocks, where each
resultant data block is generated by processing a subset of all
input data blocks as a partial query execution upon the
subset of all data blocks via the query operator execution
flow 2433.

As illustrated in FIG. 24B, the query processing module
2435 can be implemented by a single processing core
resource 48 of the node 37. In such embodiments, each one
of the processing core resources 48-1-48-» of a same node
37 can be executing at least one query concurrently via their
own query processing module 2435, where a single node 37
implements each of set of operator processing modules
2435-1-2435-r via a corresponding one of the set of pro-
cessing core resources 48-1-48-n. A plurality of queries can
be concurrently executed by the node 37, where each of its
processing core resources 48 can each independently
execute at least one query within a same temporal period by
utilizing a corresponding at least one query operator execu-
tion flow 2433 to generate at least one query resultant
corresponding to the at least one query.

FIG. 25C illustrates a particular example of a node 37 at
the 10 level 2416 of the query execution plan 2405 of FIG.
24A. A node 37 can utilize its own memory resources, such
as some or all of its disk memory 38 and/or some or all of
its main memory 40 to implement at least one memory drive
2425 that stores a plurality of segments 2424. Memory
drives 2425 of a node 37 can be implemented, for example,
by utilizing disk memory 38 and/or main memory 40. In
particular, a plurality of distinct memory drives 2425 of a
node 37 can be implemented via the plurality of memory
devices 42-1-42-n of the node 37’s disk memory 38.

Each segment 2424 stored in memory drive 2425 can be
generated as discussed previously in conjunction with FIGS.
15-23. A plurality of records 2422 can be included in and/or
extractable from the segment, for example, where the plu-
rality of records 2422 of a segment 2424 correspond to a
plurality of rows designated for the particular segment 2424
prior to applying the redundancy storage coding scheme as
illustrated in FIG. 17. The records 2422 can be included in
data of segment 2424, for example, in accordance with a
column-format and/or other structured format. Each seg-
ments 2424 can further include parity data 2426 as discussed
previously to enable other segments 2424 in the same
segment group to be recovered via applying a decoding
function associated with the redundancy storage coding
scheme, such as a RAID scheme and/or erasure coding
scheme, that was utilized to generate the set of segments of
a segment group.

Thus, in addition to performing the first stage of query
execution by being responsible for row reads, nodes 37 can
be utilized for database storage, and can each locally store
a set of segments in its own memory drives 2425. In some
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cases, a node 37 can be responsible for retrieval of only the
records stored in its own one or more memory drives 2425
as one or more segments 2424. Executions of queries
corresponding to retrieval of records stored by a particular
node 37 can be assigned to that particular node 37. In other
embodiments, a node 37 does not use its own resources to
store segments. A node 37 can access its assigned records for
retrieval via memory resources of another node 37 and/or
via other access to memory drives 2425, for example, by
utilizing system communication resources 14.

The query processing module 2435 of the node 37 can be
utilized to read the assigned by first retrieving or otherwise
accessing the corresponding redundancy-coded segments
2424 that include the assigned records its one or more
memory drives 2425. Query processing module 2435 can
include a record extraction module 2438 that is then utilized
to extract or otherwise read some or all records from these
segments 2424 accessed in memory drives 2425, for
example, where record data of the segment is segregated
from other information such as parity data included in the
segment and/or where this data containing the records is
converted into row-formatted records from the column-
formatted record data stored by the segment. Once the
necessary records of a query are read by the node 37, the
node can further utilize query processing module 2435 to
send the retrieved records all at once, or in a stream as they
are retrieved from memory drives 2425, as data blocks to the
next node 37 in the query execution plan 2405 via system
communication resources 14 or other communication chan-
nels.

FIG. 24D illustrates an embodiment of a node 37 that
implements a segment recovery module 2439 to recover
some or all segments that are assigned to the node for
retrieval, in accordance with processing one or more queries,
that are unavailable. Some or all features of the node 37 of
FIG. 24D can be utilized to implement the node 37 of FIGS.
24B and 24C, and/or can be utilized to implement one or
more nodes 37 of the query execution plan 2405 of FIG.
24 A, such as nodes 37 at the 1O level 2416. A node 37 may
store segments on one of its own memory drives 2425 that
becomes unavailable, or otherwise determines that a seg-
ment assigned to the node for execution of a query is
unavailable for access via a memory drive the node 37
accesses via system communication resources 14. The seg-
ment recovery module 2439 can be implemented via at least
one processing module of the node 37, such as resources of
central processing module 39. The segment recovery mod-
ule 2439 can retrieve the necessary number of segments 1-K
in the same segment group as an unavailable segment from
other nodes 37, such as a set of other nodes 37-1-37-K that
store segments in the same storage cluster 35. Using system
communication resources 14 or other communication chan-
nels, a set of external retrieval requests 1-K for this set of
segments 1-K can be sent to the set of other nodes 37-1-
37-K, and the set of segments can be received in response.
This set of K segments can be processed, for example, where
a decoding function is applied based on the redundancy
storage coding scheme utilized to generate the set of seg-
ments in the segment group and/or parity data of this set of
K segments is otherwise utilized to regenerate the unavail-
able segment. The necessary records can then be extracted
from the unavailable segment, for example, via the record
extraction module 2438, and can be sent as data blocks to
another node 37 for processing in conjunction with other
records extracted from available segments retrieved by the
node 37 from its own memory drives 2425.
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Note that the embodiments of node 37 discussed herein
can be configured to execute multiple queries concurrently
by communicating with nodes 37 in the same or different
tree configuration of corresponding query execution plans
and/or by performing query operations upon data blocks
and/or read records for different queries. In particular,
incoming data blocks can be received from other nodes for
multiple different queries in any interleaving order, and a
plurality of operator executions upon incoming data blocks
for multiple different queries can be performed in any order,
where output data blocks are generated and sent to the same
or different next node for multiple different queries in any
interleaving order. 10 level nodes can access records for the
same or different queries any interleaving order. Thus, at a
given point in time, a node 37 can have already begun its
execution of at least two queries, where the node 37 has also
not yet completed its execution of the at least two queries.

A query execution plan 2405 can guarantee query cor-
rectness based on assignment data sent to or otherwise
communicated to all nodes at the 10 level ensuring that the
set of required records in query domain data of a query, such
as one or more tables required to be accessed by a query, are
accessed exactly one time: if a particular record is accessed
multiple times in the same query and/or is not accessed, the
query resultant cannot be guaranteed to be correct. Assign-
ment data indicating segment read and/or record read assign-
ments to each of the set of nodes 37 at the IO level can be
generated, for example, based on being mutually agreed
upon by all nodes 37 at the 10 level via a consensus protocol
executed between all nodes at the IO level and/or distinct
groups of nodes 37 such as individual storage clusters 35.
The assignment data can be generated such that every record
in the database system and/or in query domain of a particular
query is assigned to be read by exactly one node 37. Note
that the assignment data may indicate that a node 37 is
assigned to read some segments directly from memory as
illustrated in FIG. 24C and is assigned to recover some
segments via retrieval of segments in the same segment
group from other nodes 37 and via applying the decoding
function of the redundancy storage coding scheme as illus-
trated in FIG. 24D.

Assuming all nodes 37 read all required records and send
their required records to exactly one next node 37 as
designated in the query execution plan 2405 for the given
query, the use of exactly one instance of each record can be
guaranteed. Assuming all inner level nodes 37 process all the
required records received from the corresponding set of
nodes 37 in the 10 level 2416, via applying one or more
query operators assigned to the node in accordance with
their query operator execution flow 2433, correctness of
their respective partial resultants can be guaranteed. This
correctness can further require that nodes 37 at the same
level intercommunicate by exchanging records in accor-
dance with JOIN operations as necessary, as records
received by other nodes may be required to achieve the
appropriate result of a JOIN operation. Finally, assuming the
root level node receives all correctly generated partial resul-
tants as data blocks from its respective set of nodes at the
penultimate, highest inner level 2414 as designated in the
query execution plan 2405, and further assuming the root
level node appropriately generates its own final resultant, the
correctness of the final resultant can be guaranteed.

In some embodiments, each node 37 in the query execu-
tion plan can monitor whether it has received all necessary
data blocks to fulfill its necessary role in completely gen-
erating its own resultant to be sent to the next node 37 in the
query execution plan. A node 37 can determine receipt of a
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complete set of data blocks that was sent from a particular
node 37 at an immediately lower level, for example, based
on being numbered and/or have an indicated ordering in
transmission from the particular node 37 at the immediately
lower level, and/or based on a final data block of the set of
data blocks being tagged in transmission from the particular
node 37 at the immediately lower level to indicate it is a final
data block being sent. A node 37 can determine the required
set of lower level nodes from which it is to receive data
blocks based on its knowledge of the query execution plan
2405 of the query. A node 37 can thus conclude when
complete set of data blocks has been received each desig-
nated lower level node in the designated set as indicated by
the query execution plan 2405. This node 37 can therefore
determine itself that all required data blocks have been
processed into data blocks sent by this node 37 to the next
node 37 and/or as a final resultant if this node 37 is the root
node. This can be indicated via tagging of its own last data
block, corresponding to the final portion of the resultant
generated by the node, where it is guaranteed that all
appropriate data was received and processed into the set of
data blocks sent by this node 37 in accordance with applying
its own query operator execution flow 2433.

In some embodiments, if any node 37 determines it did
not receive all of its required data blocks, the node 37 itself
cannot fulfill generation of its own set of required data
blocks. For example, the node 37 will not transmit a final
data block tagged as the “last” data block in the set of
outputted data blocks to the next node 37, and the next node
37 will thus conclude there was an error and will not
generate a full set of data blocks itself. The root node, and/or
these intermediate nodes that never received all their data
and/or never fulfilled their generation of all required data
blocks, can independently determine the query was unsuc-
cessful. In some cases, the root node, upon determining the
query was unsuccessful, can initiate re-execution of the
query by re-establishing the same or different query execu-
tion plan 2405 in a downward fashion as described previ-
ously, where the nodes 37 in this re-established query
execution plan 2405 execute the query accordingly as
though it were a new query. For example, in the case of a
node failure that caused the previous query to fail, the new
query execution plan 2405 can be generated to include only
available nodes where the node that failed is not included in
the new query execution plan 2405.

FIG. 24E illustrates an embodiment of an inner level 2414
that includes at least one shuffle node set 2485 of the
plurality of nodes assigned to the corresponding inner level.
A shuffle node set 2485 can include some or all of a plurality
of'nodes assigned to the corresponding inner level, where all
nodes in the shuffle node set 2485 are assigned to the same
inner level. In some cases, a shuffle node set 2485 can
include nodes assigned to different levels 2410 of a query
execution plan. A shufile node set 2485 at a given time can
include some nodes that are assigned to the given level, but
are not participating in a query at that given time, as denoted
with dashed outlines and as discussed in conjunction with
FIG. 24A. For example, while a given one or more queries
are being executed by nodes in the database system 10, a
shuflle node set 2485 can be static, regardless of whether all
of'its members are participating in a given query at that time.
In other cases, shuffle node set 2485 only includes nodes
assigned to participate in a corresponding query, where
different queries that are concurrently executing and/or
executing in distinct time periods have different shuffle node
sets 2485 based on which nodes are assigned to participate
in the corresponding query execution plan. While FIG. 24E
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depicts multiple shuffle node sets 2485 of an inner level
2414, in some cases, an inner level can include exactly one
shuffle node set, for example, that includes all possible
nodes of the corresponding inner level 2414 and/or all
participating nodes of the of the corresponding inner level
2414 in a given query execution plan.

While FIG. 24E depicts that different shuffle node sets
2485 can have overlapping nodes 37, in some cases, each
shuffle node set 2485 includes a distinct set of nodes, for
example, where the shuffle node sets 2485 are mutually
exclusive. In some cases, the shuffle node sets 2485 are
collectively exhaustive with respect to the corresponding
inner level 2414, where all possible nodes of the inner level
2414, or all participating nodes of a given query execution
plan at the inner level 2414, are included in at least one
shuflle node set 2485 of the inner level 2414. If the query
execution plan has multiple inner levels 2414, each inner
level can include one or more shuffle node sets 2485. In
some cases, a shuffle node set 2485 can include nodes from
different inner levels 2414, or from exactly one inner level
2414. In some cases, the root level 2412 and/or the 10 level
2416 have nodes included in shuffle node sets 2485. In some
cases, the query execution plan 2405 includes and/or indi-
cates assignment of nodes to corresponding shuffle node sets
2485 in addition to assigning nodes to levels 2410, where
nodes 37 determine their participation in a given query as
participating in one or more levels 2410 and/or as partici-
pating in one or more shuffle node sets 2485, for example,
via downward propagation of this information from the root
node to initiate the query execution plan 2405 as discussed
previously.

The shuffle node sets 2485 can be utilized to enable
transfer of information between nodes, for example, in
accordance with performing particular operations in a given
query that cannot be performed in isolation. For example,
some queries require that nodes 37 receive data blocks from
its children nodes in the query execution plan for processing,
and that the nodes 37 additionally receive data blocks from
other nodes at the same level 2410. In particular, query
operations such as JOIN operations of a SQL query expres-
sion may necessitate that some or all additional records that
were access in accordance with the query be processed in
tandem to guarantee a correct resultant, where a node
processing only the records retrieved from memory by its
child IO nodes is not sufficient.

In some cases, a given node 37 participating in a given
inner level 2414 of a query execution plan may send data
blocks to some or all other nodes participating in the given
inner level 2414, where these other nodes utilize these data
blocks received from the given node to process the query via
their query processing module 2435 by applying some or all
operators of their query operator execution flow 2433 to the
data blocks received from the given node. In some cases, a
given node 37 participating in a given inner level 2414 of a
query execution plan may receive data blocks to some or all
other nodes participating in the given inner level 2414,
where the given node utilizes these data blocks received
from the other nodes to process the query via their query
processing module 2435 by applying some or all operators
of their query operator execution flow 2433 to the received
data blocks.

This transfer of data blocks can be facilitated via a shuffle
network 2480 of a corresponding shuffle node set 2485.
Nodes in a shuffle node set 2485 can exchange data blocks
in accordance with executing queries, for example, for
execution of particular operators such as JOIN operators of
their query operator execution flow 2433 by utilizing a
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corresponding shuffle network 2480. The shuffle network
2480 can correspond to any wired and/or wireless commu-
nication network that enables bidirectional communication
between any nodes 37 communicating with the shuffle
network 2480. In some cases, the nodes in a same shuffle
node set 2485 are operable to communicate with some or all
other nodes in the same shuffle node set 2485 via a direct
communication link of shuffle network 2480, for example,
where data blocks can be routed between some or all nodes
in a shuffle network 2480 without necessitating any relay
nodes 37 for routing the data blocks. In some cases, the
nodes in a same shuffle set can broadcast data blocks.

In some cases, some nodes in a same shuffle node set 2485
do not have direct links via shuffle network 2480 and/or
cannot send or receive broadcasts via shuffle network 2480
to some or all other nodes 37. For example, at least one pair
of nodes in the same shuffle node set 37 cannot communicate
directly. In some cases, some pairs of nodes in a same shuffle
node set 37 can only communicate by routing their data via
at least one relay node 37. For example, two nodes in a same
shuffle node set 37 that do not have a direct communication
link and/or cannot communicate via broadcasting their data
blocks. However, if these two nodes in a same shuffle node
set 37 can each communicate with a same third node via
corresponding direct communication links and/or via broad-
cast, this third node can serve as a relay node to facilitate
communication between the two nodes. Nodes that are
“further apart” in the shuffle network 2480 may require
multiple relay nodes.

Thus, the shuffle network 2480 can facilitate communi-
cation between all nodes 37 in the corresponding shuffle
node set 2485 by utilizing some or all nodes 37 in the
corresponding shuffle node set 2485 as relay nodes, where
the shuffle network 2480 is implemented by utilizing some
or all nodes in the nodes shuffle node set 2485 and a
corresponding set of direct communication links between
pairs of nodes in the shuffle node set 2485 to facilitate data
transfer between any pair of nodes in the shuffle node set
2485. Note that these relay nodes facilitating data blocks for
execution of a given query within a shuffle node sets 2485
to implement shuffle network 2480 can be nodes participat-
ing in the query execution plan of the given query and/or can
be nodes that are not participating in the query execution
plan of the given query. In some cases, these relay nodes
facilitating data blocks for execution of a given query within
a shuffle node sets 2485 are strictly nodes participating in the
query execution plan of the given query. In some cases, these
relay nodes facilitating data blocks for execution of a given
query within a shuffle node sets 2485 are strictly nodes that
are not participating in the query execution plan of the given
query.

Different shuffle node sets 2485 can have different shuffle
networks 2480. These different shuffle networks 2480 can be
isolated, where nodes only communicate with other nodes in
the same shuffle node sets 2485 and/or where shuffle node
sets 2485 are mutually exclusive. For example, data block
exchange for facilitating query execution can be localized
within a particular shuffle node set 2485, where nodes of a
particular shuffle node set 2485 only send and receive data
from other nodes in the same shuffle node set 2485, and
where nodes in different shuffle node sets 2485 do not
communicate directly and/or do not exchange data blocks at
all. In some cases, where the inner level includes exactly one
shuffle network, all nodes 37 in the inner level can and/or
must exchange data blocks with all other nodes in the inner
level via the shuffle node set via a single corresponding
shuffle network 2480.
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Alternatively, some or all of the different shuffle networks
2480 can be interconnected, where nodes can and/or must
communicate with other nodes in different shuflle node sets
2485 via connectivity between their respective different
shuflle networks 2480 to facilitate query execution. As a
particular example, in cases where two shuffle node sets
2485 have at least one overlapping node 37, the intercon-
nectivity can be facilitated by the at least one overlapping
node 37, for example, where this overlapping node 37 serves
as a relay node to relay communications from at least one
first node in a first shuffle node sets 2485 to at least one
second node in a second first shuffle node set 2485. In some
cases, all nodes 37 in a shuffle node set 2485 can commu-
nicate with any other node in the same shufile node set 2485
via a direct link enabled via shuffle network 2480 and/or by
otherwise not necessitating any intermediate relay nodes.
However, these nodes may still require one or more relay
nodes, such as nodes included in multiple shuffle node sets
2485, to communicate with nodes in other shuffle node sets
2485, where communication is facilitated across multiple
shuffle node sets 2485 via direct communication links
between nodes within each shuflle node set 2485.

Note that these relay nodes facilitating data blocks for
execution of a given query across multiple shuflle node sets
2485 can be nodes participating in the query execution plan
of the given query and/or can be nodes that are not partici-
pating in the query execution plan of the given query. In
some cases, these relay nodes facilitating data blocks for
execution of a given query across multiple shuflle node sets
2485 are strictly nodes participating in the query execution
plan of the given query. In some cases, these relay nodes
facilitating data blocks for execution of a given query across
multiple shuffle node sets 2485 are strictly nodes that are not
participating in the query execution plan of the given query.

In some cases, a node 37 has direct communication links
with its child node and/or parent node, where no relay nodes
are required to facilitate sending data to parent and/or child
nodes of the query execution plan 2405 of FIG. 24A. In
other cases, at least one relay node may be required to
facilitate communication across levels, such as between a
parent node and child node as dictated by the query execu-
tion plan. Such relay nodes can be nodes within a and/or
different same shuffle network as the parent node and child
node, and can be nodes participating in the query execution
plan of the given query and/or can be nodes that are not
participating in the query execution plan of the given query.

FIGS. 25A-25F present embodiments of a database sys-
tem 10 that utilizes relay nodes to facilitate communication
between nodes 37 of a query execution plan 2405 in con-
junction with their execution of a given query by imple-
menting a dynamic data block routing scheme. As discussed
herein, the relay nodes of FIGS. 25A-25F can include relay
nodes facilitating communication between nodes 37 of a
same shuflle node set 2485 to implement a corresponding
shuflle network 2480 as discussed in conjunction with FIG.
24E. As discussed herein, the relay nodes of FIGS. 25A-25H
can include relay nodes facilitating communication between
nodes 37 of different shuflle node sets 2485 as discussed in
conjunction with FIG. 24E. As discussed herein, the relay
nodes of FIGS. 25A-25H can include relay nodes facilitating
communication between nodes 37 of different levels, such as
facilitating communication between parent nodes and child
nodes of a query execution plan.

At scale, when queries require transfer of data within
large shuffle node sets 2485 and/or between many shufile
node sets 2485, direct communication between all nodes
may node be possible as data exchange between a large
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number of nodes of a network of nodes 37 implementing
database system 10 is required. Communication between
nodes 37 can thus be facilitated between one or more nodes
37 of the database 10 that serve as relay nodes to enable
queries to execute and to enable all data to be exchanged as
necessary.

Note that any node 37 participating in a query execution
plan 2405 for a given query and/or not participating in a
query execution plan 2405 for a given query can serve as a
source node that generates data blocks in accordance with
the given query to be routed to at least one destination node
via one or more relay nodes; can serve as a destination node
that receives data blocks from at least one source node via
one or more relay nodes for processing in accordance with
the given query; and/or can serve as a relay node that
facilitates routing of data blocks from at least one source
node to at least one destination node in accordance with the
given query. For example, in execution of a same query, a
given node can serve as a source node that generates a first
set of data blocks in accordance with the query for routing
to a destination node; can also serve as a destination node
that receives and processes a second set of data blocks in
accordance with the query that were generated by another
node; and/or can also serve as a relay node that receives a
third set of data blocks generated by a source node in
accordance with the query and received from the source
node directly or from a different relay node, and send the
third set of data blocks to another relay node and/or to the
destination node directly for processing in accordance with
the query.

As illustrated in FIG. 25A, transfer of at least one data
block from a node 37 serving as a source node 2510 to a
node 37 serving as a destination node 2530 can be facilitated
via at least one node 37 in a relay node set 2520. In
particular, the source node 2510 can send the at least one
data block to a relay node 37 with which it has a direct
connection and/or otherwise can communicate with without
necessitating other relay nodes. Each relay node can send the
received data blocks to another relay node in the relay nodes
set 2520 with which it has a direct connection and/or
otherwise can communicate with without necessitating other
relay nodes. A final relay node in the relay nodes set 2520
can send the at least one data block to the destination node
based on having a direct connection with the destination
node and/or otherwise being able to communicate with the
destination node without necessitating other relay nodes.

FIG. 25B illustrates how this transfer of at least one data
block from a node 37 serving as a source node 2510 to a
node 37 serving as a destination node 2530 can be facilitated
by a data block routing module 2535 implemented by the
source node 37 and/or implemented by the at least one node
37 in the relay node set 2520. For example, some or all nodes
37 of the database system 10, of a query execution plan
2405, and/or any other nodes 37 described herein can be
operable to implement the data block routing module 2535,
for example, by utilizing the central processing module 39
of the node, the main memory 40 of the node, the disk
memory 38 of the node, the network connection 41 of the
node, and/or by utilizing any other processing module,
memory, and/or communication interface of the node 37
and/or of the corresponding computing device 18.

A node 37 serving as a source node for particular transfer
of data block can generate the data blocks to be sent via the
query processing module 2435, for example, in accordance
with generating data blocks as discussed in conjunction with
FIGS. 24B-24D via the query processing module 2435. In
some cases, the data blocks are not resultant data blocks to
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be sent to a parent node, but instead intermediate data blocks
generated via applying only a proper subset of a plurality of
query operators of a query operator execution flow 2433, for
example, when an exchange of data with other nodes at the
same inner level 2414 is required to ultimately generate the
resultant data blocks, For example, a JOIN operator to be
executed by a given node can require that some or all
partially processed data blocks be generated and sent via at
least one other node at the same level by applying the same
or different proper subset of the plurality of query operators
of a same or different query operator execution flow 2433,
where the JOIN operator is executed by the given node upon
the partially processed data blocks generated itself via
execution of the proper subset of the plurality of query
operators and/or upon the partially processed data blocks
received from one or more other nodes, and where the given
node cannot generate its resultant data blocks to be sent to
a parent node at a subsequently higher level in the query
execution plan 2405 until the JOIN operator is performed
upon data blocks, in tandem, that were generated by and
received from multiple other nodes.

The node 37 serving as a source node 37 can further
determine a destination node to which these given data
blocks generated by executing at least one query operator of
query operator execution flow 2433 via the query processing
module 2435 are to be sent. This can be dictated by the query
execution plan 2405 and/or indicated in query instruction
received by the node 37 upon initiation of the query execu-
tion plan. This can be determined by the query processing
module 2435 the upon generating the corresponding data
blocks and/or can otherwise be determined by the node. The
determined destination node can be denoted with an iden-
tifier to indicate a network address of the destination node,
a location of the destination node, and/or other information
necessary to route the data blocks to the appropriate desti-
nation node.

The data blocks and destination node identifier can be
processed by a data block routing module 2535 of the source
node to determine a first relay node to which the data blocks
are to be sent, and to send the data blocks to the first relay
node, for example, via a direct connection. This first relay
node corresponds to a selected intermediate node 2525.1
that was selected by the source node 37 via the data block
routing module 2535. The destination node identifier can
also be sent in conjunction with the data blocks. The selected
intermediate node 2525.1 utilizes its own data block routing
module 2535 to process the incoming data blocks and the
destination node identifier, in a same or similar fashion as
the data block routing module 2535 implemented by the
source node 37, to determine a second relay node to which
the data blocks are to be sent by determining the selected
intermediate node 2525.2 and sending the data blocks and
the destination node identifier to the selected intermediate
node 2525.2. The selected intermediate node 2525.2 utilizes
its own data block routing module 2535 to process the
incoming data blocks and the destination node identifier in
a same or similar fashion to determine a third relay node to
which the data blocks are to be sent and sending the data
blocks and the destination node identifier to a subsequently
selected intermediate node 2525, where each subsequently
selected intermediate node 2525 continues this process until
a final selected intermediate node 2525.M receives the
incoming data blocks and the destination node identifier
from a penultimately selected intermediate node 2525.M-1.
The final selected intermediate node 2525.M utilizes its own
data block routing module 2535 to process the incoming
data blocks and the destination node identifier in a same or
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similar fashion to determine to send the data blocks directly
to the destination node 2530 denoted by the destination node
identifier, for example, based on having a direct connection
with the destination node 2530.

Note that while data is being routed from a particular
source node to a particular destination node 2530 via nodes
of the relay node set 2520, each node 37 can be performing
additional processing and/or data routing for the same query
or one or more additional queries that are being performed
concurrently via the same or different query execution plan
2405. For example, relay nodes of the relay node set 2520
can be concurrently receiving and routing different sets of
data blocks for the same or different query, where the data
block routing module 2535 also routes other data blocks to
other destination nodes via other selected intermediate
nodes. While not illustrated in FIG. 25B, each relay node 37
of the relay node set 2520 can implement their own query
processing module 2435 for processing of other input data
blocks to generate their own output data blocks for routing
within the same or different shuffle node set 2485 and/or for
routing to a corresponding parent node of the query execu-
tion plan, for example, where some or all of these nodes in
relay node set 2520 are serving as source nodes 2510 for
different sets of data blocks for the same or different query
and/or are servicing as destination nodes 2530 for different
sets of data blocks for the same or different query. In some
cases, if the relay nodes 37 are participating in the query at
a same level as the source node, the data blocks received
from the source node can be processed as input data blocks
by some or all relay nodes 37, for example, in accordance
with execution of a JOIN operator of the query operator
execution flow 2433 if the plurality of operators and their
corresponding flow of query operator execution flow 2433 is
common to all nodes 37 in the corresponding level 2410
and/or in the corresponding shuffle node set 2485.

In some cases, while not depicted in FIG. 24B, the source
node 2510 may be simultaneously serving as a relay node for
different sets of data blocks for the same or different query,
where the data block routing module 2535 also routes other
data blocks to other destination nodes via other selected
intermediate nodes. Alternatively or in addition, the source
node 2510 may be simultaneously serving as a destination
node 2530, concurrently utilizing the query processing mod-
ule 2435 for processing received data blocks of the same or
different query. In some cases, while not depicted in FIG.
24B, the destination node 2530 may be simultaneously
serving as a relay node for different sets of data blocks for
the same or different query by utilizing its own data block
routing module 2535. Alternatively or in addition, destina-
tion node 2530 may be simultaneously serving as a source
node 2510, simultaneously utilizing the query processing
module 2435 for generating data blocks of the same or
different query to be routed to other destination nodes.

Different routing of data blocks from source nodes 2510
to destination nodes 2530 can include a same or different
number of selected intermediate nodes M in the respective
relay node set 2520. Some routing of data blocks from
source nodes 2510 to destination nodes 2530 can include no
relay nodes based on the source node 2510 having a direct
connection with the destination node 2530. As will be
discussed in further detail in conjunction with FIGS. 25C-
25F, any given (source node, destination node) pair can have
a fixed, predefined number of relay nodes M in their
respective relay node set 2520. However, different commu-
nication between a given (source node, destination node)
pair can have multiple possible paths via different nodes in
various possible relay node sets 2520. The database system
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10 can be operable to facilitate communication with any
given (source node, destination node) pair via different
possible paths for communication of various data that satisfy
the fixed, predefined number of relay nodes M via imple-
mentation of the data block routing module 2535 of the
nodes 37 in the database system 10 operable to route data
between each given (source node, destination node) pair.

In this fashion, rather than dictating a fixed path of relay
nodes between two given nodes, the path can be dynamically
selected. This dynamic selection can be based on selecting
a path from the source node, one node at a time, that is
known to result in a preset number of “hops” to the desti-
nation node, as dictated by the predefined number of relay
nodes M. This process can include determining an initial
route with the predefined number of relay nodes M, where
each node always evaluates a predefined number of nodes
ahead, such as exactly two nodes ahead. From a given node
to a node two hops away, an intermediate node can be
selected from a set of known nodes that are a single hop
away from a node two hops away in the initial route. For
example, the particular intermediate node can be selected
from the set of known nodes based on its current determined
or estimated load and/or can be distributed over time via a
turn-based selection or a random selection process to bal-
ance the load across various nodes in the various paths to
destination nodes. The next node is then also selected based
from a next set of intermediate nodes to a subsequent
two-hops-away node in a similar fashion, and so on until the
destination is ultimately reached in the predefined number of
hops.

Dynamic selection of paths for routing data blocks in this
fashions improves the technological field of database sys-
tems by improving efficiency in query execution. In particu-
lar, efficiency of query execution can be improved based on
enabling necessary data to be routed based on current
performance of possible sets of relay nodes and/or by
otherwise evenly distributing load induced by routing data
blocks across various different nodes. Furthermore, by dic-
tating that a fixed number of nodes always be utilized,
expected query execution speed can remain relatively con-
stant across different queries due to data transfer requiring
the same number of nodes regardless of path. This improves
database systems by ensuring that various queries can be
processed consistently over time while enabling balanced
load distribution. Finally, segregating the decision-making
process across multiple nodes, where each relay node only
determines the next node based on predefined node that is
two nodes ahead, without having to path plan the entirety of
the data’s route to the destination, maintains decentralization
in the database system to reduce coordination and corre-
sponding exchange of additional data between nodes in the
system, while enabling adaptation to neighboring circum-
stances by individual nodes as they select the next node in
the path.

FIGS. 25C-25F illustrate such embodiments of dynamic
selection of data block routes via this mechanism. In par-
ticular, FIG. 25C illustrates an embodiment of the data block
routing module 2535 that can be implemented by some or all
nodes 37 to enable this functionality. The data block routing
module 2535 of FIG. 25C can be utilized to implement the
data block routing module 2535 of some or all nodes of FIG.
25B and/or can be implemented by any other embodiments
of node 37 discussed herein. The node illustrated in FIG.
25C can be implementing the data block routing module in
its participation as a source node 2510 and/or as a relay node
of a relay node set 2520.
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As illustrated in FIG. 25C, for given data blocks gener-
ated by the node 37 and/or received by the node 37 from
another node for routing, an initial route determination
module 2542 can generate initial route data 2552 based on
a destination node ID generated by the node’s query pro-
cessing system 2435 and/or received from another node
from which the data blocks were received. The initial route
of initial route data 2552 can be predetermined based on the
destination node ID, can be determined via a deterministic
function performed by the node given the destination node
1D, can be received by the node, can be accessed via local
memory of the node that stores a plurality of predefined
initial routes for a plurality of possible destination nodes in
the database system 10, and/or can otherwise be determined
by the node 37. In some cases, the initial route of initial route
data 2552 corresponds to a route of a plurality of possible
routes that is expected to be and/or historically determined
on average to be most efficient of the plurality of possible
routes; to have the least latency of the plurality of possible
routes; to have the lowest current and/or historical load of
the plurality of possible routes; to best balance communi-
cation load across nodes and/or direct connections in the
system as a whole in accordance with other communication
paths utilized between other pairs of nodes in the system
concurrently; and/or to otherwise be most favorable of the
plurality of possible routes.

The initial route data can indicate some or all of an initial
route to the destination node indicated by the destination
node ID. The initial route data 2552 can indicate a sequen-
tially ordered set of nodes from the given node to the
destination node, such as an ordering of the nodes and their
corresponding identifiers such as network addresses, loca-
tion data, or other identifying information, that can facilitate
transfer of data blocks. Each node of the sequentially
ordered set of nodes can correspond to nodes can have a
direct communication link with its neighbors, and only its
neighbors, in the sequentially ordered set nodes, where
communication of data blocks can be facilitated from each
node to a subsequent node in the sequentially ordered set of
nodes via a corresponding direct link of a plurality of
corresponding plurality of direct links, where the number of
direct links in this corresponding plurality of direct links
dictates the predetermined number of relay nodes for com-
municating from the node to the destination node.

The initial route data 2552 can alternatively indicate only
a sequentially ordered set of nodes from the given node to
a predetermined partial destination node that is a predefined
number of hops away that can route data blocks to the
destination node via the predefined number of relay nodes,
even when all of these predefined number of relay nodes are
not stored by the node or indicated in the initial route data
2552, as only the most immediate ones of the relay nodes are
pertinent in making routing decisions in this fashion. For
example, the initial route data 2552 determined by a par-
ticular node or can simply indicate an initial route to a node
two hops away, for example, where the initial route data
indicates an initial first node and an initial second node, and
where the initial first node and an initial second node are
included in a full route to the destination node that utilizes
the predetermined number of relay nodes.

The initial route of initial route data 2552 can correspond
to some or all of a fixed, known route to the destination. for
example, where this fixed route only changes in circum-
stances where the network topology of the plurality of nodes
changes; in circumstances where node outages occur, such
as when at least a predefined threshold number of node
failures that directly communicate with the node and/or are
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in the database system 10 are detected to occur since the
initial fixed route was determined; in circumstances where
new nodes are added, such as when at least a predefined
threshold number of nodes that directly communicate with
the node and/or are in the database system 10 are detected
to have been added since the initial fixed route was deter-
mined; when a new fixed initial route is configured via user
input, for example, via administrative sub-system 15 and/or
configuration sub-system 16, where the new fixed initial
route is disseminated to some or all nodes of the database
system and/or based on other criteria; when a new fixed
initial route is automatically generated by an initial route
generating module of the database system, for example, as
discussed in conjunction with FIGS. 26 A-26B; and/or based
on the initial route otherwise being updated.

A partial destination node identifier module 2544 of the
data block routing module 2535 can utilize the initial route
data 2552 to determine a partial destination node ID. For
example, this partial destination node ID can correspond to
a node that is a predefined number of nodes away, such as
exactly two nodes away, from the given node 37. The partial
destination node 1D can be identified by simply determining
the node in the sequentially ordered set of nodes that is the
predefined number of nodes away. In cases where the initial
route data only includes a subset of the full route, such as
only nodes in the route up to the predefined number of nodes
away, the partial destination node 1D thus can be determined
as the last node in the sequentially ordered set of nodes.

An intermediate node options set determination module
2545 can utilize the partial destination node ID to determine
an intermediate node options set 2555 corresponding to
some or all possible nodes, some or all paths of multiple
nodes when the predefined number of hops is greater than
two, that can be utilized to route data blocks from the given
node 37 to the node indicated by the partial destination node
ID. In particular, if partial destination node ID corresponds
to a selected node exactly two nodes away, only one relay
node is required, and intermediate node options set 2555 can
include some or all possible nodes 37 that can receive data
blocks from the given node 37 via a direct connection and
that can also transmit data blocks to the identified partial
destination node, which is two nodes away from the given
node 37 in the initial route data 2552, via a direct connec-
tion. In some cases, this includes some or all nodes 37 with
direct communication links with the given node 37 and the
partial destination node of the initial route data 2552 that are:
participating in the query execution plan 2405 for the given
query; assigned to the same level 2410 but not necessarily
participating in the query execution plan 2405 for the given
query; included in the same shuffle node set 2485; and/or are
otherwise included in the database system 10 and are
operable to relay nodes via their own data block routing
module 2535.

The intermediate node options set 2555 can be predeter-
mined based on the partial destination node ID, can be
determined via a deterministic function performed by the
node based on the partial destination node ID; can be
received by the node; can be accessed via local memory of
the node that stores a plurality of predefined intermediate
node options set 2555 for a plurality of possible partial
destination node ID in the database system 10 that are the
predefined number of nodes away; can be accessed via the
local memory of the node that stores the plurality of initial
route data, where a given predefined intermediate node
options set 2555 is mapped to and/or stored in conjunction
with a corresponding initial route of the plurality of initial
routes; and/or can otherwise be determined by the node 37.
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The intermediate node options set 2555 can correspond to
a fixed, known set of nodes that are intermediate nodes to the
identified partial destination node. For example, this fixed,
known set of nodes only changes in circumstances where the
network topology of the plurality of nodes changes; in
circumstances where node failures of nodes in the fixed,
known set of nodes occur; in circumstances where new
nodes are added that can be operable as intermediate nodes
to the identified partial destination node; when a new fixed,
known set of nodes to some or all different partial destina-
tion nodes is configured via user input, for example, via
administrative sub-system 15 and/or configuration sub-sys-
tem 16; when a new fixed, known set of nodes is automati-
cally generated by the initial route generating module of the
database system, for example, as discussed in conjunction
with FIGS. 26A-26B; and/or based on the fixed, known set
of nodes otherwise being updated. In some cases, the
intermediate node options set 2555 is automatically filtered
from the fixed, known intermediate node options set and/or
is otherwise dynamically determined to include only cur-
rently available nodes and/or nodes that are currently per-
forming at a determined performance level that meets a
predetermined performance level threshold are included in
the intermediate node options set.

An intermediate node selection module can generate
intermediate node selection data 2556 by selecting a single
node from the intermediate node options set, if the partial
destination node is two nodes away in the initial route, to
reach the identified partial destination node. Alternatively,
the intermediate node selection module can generate inter-
mediate node selection data 2556 by selecting set of multiple
sequential relay nodes from multiple sets of multiple
sequential relay node options of the intermediate node
options set 2555 if the partial destination node is more than
two nodes away in the initial route to reach the identified
partial destination node. For example, the intermediate node
selection data 2556 indicates an intermediate node identifier
of the selected intermediate node 2525 to which the corre-
sponding data blocks are to be routed, for example, where
the selected intermediate nodes 2525.1-2525.M of FIG. 25B
were each selected in the intermediate node selection data
2556 generated by the previous node in this fashion.

The intermediate node selection data can be generated by
selecting a single option from the intermediate node options
set 2555, whether it be a single node or path of multiple
nodes depending on the distance to the partial destination
node, based on: a randomized and/or pseudo-randomized
approach; a uniform turn-based approach, for example,
where different ones of the set of options are selected in a
predefined sequence as new data blocks are determined to be
routed with selection of the corresponding partial destination
node and/or where a number of turns is distributed equally;
an non-uniform turn-based approach, for example, where
different ones of the set of options are selected in a pre-
defined sequence as new data blocks are determined to be
routed with selection of the corresponding partial destination
node and/or where a proportion of turns in the predefined
sequence is distributed unequally based on different known
and/or historical load and/or performance levels of the
corresponding set of options, where more turns are distrib-
uted to options with more favorable known and/or historical
load and/or performance levels; and/or based on perfor-
mance data 2570 determined for some or all of the set of
options in intermediate node options set 2555, for example,
where the option with the most favorable performance data
is selected and/or where an option is selected based on
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having performance data that compares favorably to a
predetermined threshold performance level.

In cases where performance data 2570 is utilized to
generate the intermediate node selection data 2556, the
performance data can be detected, received, and/or other-
wise determined by the node 37. The performance data 2570
for a given option can be based on: determining current
and/or predicted utilization levels of nodes in the set of
intermediate node options; determining current and/or pre-
dicted communication latency of nodes in the set of inter-
mediate node options, determining current and/or predicted
health degradation of nodes in the set of intermediate node
options, determining current and/or predicted outages of
nodes in the set of intermediate node options, and/or deter-
mining the amount of recently routed data blocks to nodes
in the set of intermediate node options, for example, based
on tracking data blocks recently sent to each node in the set
of intermediate node options by the given node via previous
selection of these nodes in the intermediate node selection
data 2556.

A data block transmission module 2548 route the corre-
sponding data blocks to the selected intermediate node 2525
identified in the intermediate node selection data 2556. The
selected intermediate node 2525, upon receiving the data
blocks and corresponding destination node ID, can utilize its
own data block routing module 2535 to facilitate the next
step of routing the data towards the destination node via a
next selected intermediate node 2525. This process contin-
ues until the data block reaches the last, M?” selected
intermediate node 2525, which can automatically determine
to route the data blocks to the destination node via its direct
connection with the destination node.

FIG. 25D illustrates direct connections in an example
network of a plurality of nodes 37 that includes at least
nodes A-Q. In particular, a plurality of possible paths from
node A to node E is possible via exactly M relay nodes.
Possible direct connections are denoted by an arrow. While
these arrows indicate at least a unidirectional connection
towards the destination node, some or all of these connec-
tions can be bidirectional connections between the corre-
sponding pair or nodes. Some or all of these connections can
alternatively be strictly the unidirectional connection indi-
cated. For example, a set of M relay nodes that can facilitate
communication from node A to node E may not necessarily
be operable to facilitate transfer from node E to node A. Note
that not every pair of nodes depicted has a direct connection.
For example, node A does not have a direct connection to
node E, node B does not have a direct connection to node I,
etc. Note that node A can be a source node, or can be a relay
node of a predetermined number of relay nodes M+r from a
different source node, where r is a positive integer.

In some cases, M is determined to be the minimum
number of relay nodes possible to communicate from node
A to node E, where at least M relay nodes must be utilized
to send data blocks from A to E. As another example, M is
greater than the minimum number of relay nodes possible to
communicate from node A to node, but is selected as the
predefined number of relay nodes 2565 due to having a
greater number of path options than those facilitated via the
minimum possible number of relay nodes M-s, where s is a
positive integer. For example, M is selected as the smallest
number of relay nodes to communicate between the source
node and destination node that also has at least a threshold
predefined number of possible paths via M number or relay
nodes from the source node to the destination node.

As illustrated in FIG. 25D, each of the plurality of
possible relay nodes that can be included in one or more
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possible paths from node A to node E can be included in a
single, particular set of possible relay nodes 2560. The sets
of possible relay nodes 2560 can be mutually exclusive
and/or collectively exhaustive with regards to all possible
relay nodes from node A to node E. For example, at least
nodes B, F, G, and H are included in a set of possible 1% relay
nodes; at least nodes C, I, M, N, O and P are included in a
set of possible 2"/ relay nodes; and at least nodes D and Q
are included in a set of possible M” relay nodes.

Note that if a particular node is selected from the a set of
possible 1* relay nodes, the set of possible 2”¢ relay nodes
may need to be filtered due to some or all nodes in the set
of possible 1% relay nodes not having direct connections to
some or all of the set of possible 2" relay nodes. In this
example, if B is selected as the first relay node, node C must
be selected as the second relay node in this example because
node B only has a direct connection with node C in the
possible 2"“ set of relay nodes. Also note that while it would
be possible for node F to relay to node G, node G is not
included in the possible 2" set of relay nodes because it is
already included in the first set of relay nodes and/or because
it does not have direct connections to any nodes in the set the
possible 377 set of relay nodes. In particular, if node F were
to relay to node G, node G would then need to relay to a node
in the possible 2"/ set of relay nodes, which would neces-
sitate that M was not fixed, and that at least M+1 relay nodes
are required.

While not depicted in this example, in some cases, every
node in a given set of possible i” relay nodes 2560 has a
same number of possible connections to a same number of
nodes in the set of possible (i+1)” relay nodes 2560. While
not depicted in this example, in some cases, every node in
a given set of possible i” relay nodes 2560 has a same
number of possible connections from a same number of
nodes in the set of possible (i-1)” relay nodes 2560. This
can be ideal in ensuring that no single path becomes too
conjected based on some possible routes being selected
more than others. For example, in this case, node B may be
an unideal choice as a first node, compared to other first
nodes with more options for the second node, as node C
must be chosen and may become congested with routing
data blocks compared to other nodes due to having to route
all data blocks to node E from node A when node B is
selected.

FIG. 25E illustrates an example of utilizing the data block
routing module by node A in response to determining to send
data blocks to node E, for example, as a source node as a
relay node. This example continues from the example con-
nections from node A to node E illustrated in FIG. 25D.
Based on determining node E is the destination node, the
initial route determination module determines initial route
data 2552 for routing data from node A to node E, which
indicates the initial route of M nodes includes at least node
B, C, and D in an initial relay node set 2521. As discussed
previously, node A itself may only determine and/or store the
first two nodes, such as node B and node C in this case, of
the initial route, as node A only selects an intermediate node
that can send data to node C.

The partial destination node identifier module 2544 iden-
tifies node C as the node in the initial route that is two hops
away. This can be based on utilizing a configurable or preset
parameter of the partial destination node identifier module
2544 denoting the number of hops away 2543 of the partial
destination node in the initial route, where node C is selected
based on the number of hops away 2543 being set to 2. The
number of hops away 2543 can be set to different integers
that are less than M in other embodiments.
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The intermediate node options set determination module
2545 can determine the intermediate node options set 2555
based on selecting all nodes that can receive data from node
A via a direct connection and can send data to node C via a
direct connection based on node C being identified by partial
destination node identifier 2554. In this example, the inter-
mediate node options set 2555 includes at least nodes B, F,
and G because these nodes have a direct connection to node
C, but not node H because node H does not have a direct
connection to node C. In particular, the subset of nodes in the
set of possible 1% relay nodes 2560-1 of FIG. 25D that are
able to communicate with node C are selected. In some
cases, node A stores the entirety of the set of possible 1%
relay nodes 2560-1 for communication with node E, and
selects from this set based on the node identified in the initial
route. For example, a plurality of sets of possible 1° relay
nodes 2560-1 are stored in local memory by node A for a
plurality of different destination nodes that includes node E
and/or for a plurality of different possible partial destination
nodes that includes node C. In other cases, node A only
stores the intermediate node options set 2555 for node C. For
example, node A stores only intermediate node options set
2555 plurality of different destination nodes that includes
node E and/or for a plurality of different possible partial
destination nodes that includes node C, based on the initial
route to node E being fixed and/or based on the initial route
to each of the plurality of different destination nodes being
fixed.

The intermediate node selection module 2546 generates
the intermediate node selection data 2556 to select node F
from the intermediate node options set 2555. This can be
based on performance data for some or all of the set of nodes
in the intermediate node options set 2555 that is determined,
stored, estimated, and/or received by node A. While not
illustrated, the corresponding data blocks for which this
routing selection was made can then be sent to node F by
node A based on the intermediate node selection data 2556
indicating node F, with an indication that these data blocks
are to be sent to node E.

FIG. 25F continues this example by illustrating the data
block routing module 2535 of node F when receives the data
blocks from node A as a relay node in routing the data blocks
to node E, and determines these received data blocks are
destined for node E. The initial route data is generated by the
initial route determination module to dictate the initial route
from node F to node E. Note that this is distinct from the
initial route from node A to node E, particularly because
node B was not selected as the intermediate node by node A,
and because node F was not included in node A’s initial
route to node E. However, node F stores and/or determines
its own initial route to node E that is perhaps independent of
the initial route from node A to node E. This initial route
includes an initial relay node set that includes node I, node
J and node D. This is valid as node I is in the possible 2”4
relay node set 2560-2 of FIG. 25D, node J can be in a
possible 37 relay node set 2560-3 not depicted in FIG. 25D,
and node D is in the possible M” node relay node set
2560-M.

In cases where node B was selected by node A, the initial
route determined by node B for communication from node
B to node E may have included all of the same set of nodes
in node A’s initial route, starting from node B and continu-
ing to node C, where this initial route is a truncated version
of node A’s initial route. In some cases, any node included
in an initial route by a previous node must have a truncated
version of that nodes initial route to the same destination
node to continue with the path of this initial route. Alterna-
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tively, any node can have an independent initial route to the
destination node regardless of whether they were in a
previous initial route, where node B’s initial route to node E
does not include node C as the first relay node despite node
C being the relay node after node B in node A’s initial route.

Node F similarly applies the partial destination node
identifier module 2544 to identify node J as the partial
destination node ID based on node J being two hops away
in the initial route data 2552, as denoted by the set number
of hops away 2543 being set to two. The intermediate node
options set determination module 2545 identifies at least
nodes I, C, and M in the intermediate node options set 2555
based on these nodes having a direct connection to node J
and based on node F having a direct connection to these
nodes. For example, nodes O and P are not included, despite
being in the possible 2" relay node set 2560-2 of FIG. 25D,
because node F does not have a direct connection to nodes
O and P. As another example, node N is not included, despite
being in the possible 2" relay node set 2560-2 of FIG. 25D
and being able to receive direct communications from node
F, because while not depicted, node N does not have a direct
connection to node J. The intermediate node selection mod-
ule 2546 selects node I in the intermediate node selection
data 2556, for example, by utilizing performance data for at
least nodes I, C, and M of the intermediate node options set
2555. Node F then routes the data blocks to node 1, desig-
nated for routing to node E, and this process continues until
exactly M relay nodes are selected via this process and when
the M™ relay node ultimately sends the data blocks directly
to node E.

In various embodiments, a node 37 includes at least one
processor and memory that stores operational instructions
that, when executed by the at least one processor, cause the
node 37 to implement the data block routing module 2535
and/or to execute some or all of the functionality of the data
block routing module 2535 described herein, for example, in
conjunction with FIGS. 25A-25F. In particular, the opera-
tional instructions, when executed by the at least one pro-
cessor, can cause the data block routing module 2535 to:
determine to send at least one data block from the node to
a destination node of a database system in accordance with
execution of a query by the database system via a plurality
of nodes that includes the node and the destination node;
determine an initial route that includes a set of relay nodes
for relaying the at least one data block from the node to the
destination node, where the set of relay nodes of the initial
route includes exactly a predefined number of relay nodes in
accordance with a sequential relay ordering from the node to
the destination node; identify a second relay node in the
sequential relay ordering for the initial route; identify a set
of intermediate node options by identifying nodes of the
database system capable of receiving the at least one data
block from the node via a first direct connection and further
capable of sending the at least one data block to the second
relay node via a second direct connection; generate inter-
mediate node selection data by selecting one intermediate
node from the set of intermediate node options; and/or
transmit the at least one data block from the node to the one
intermediate node indicated in the intermediate node selec-
tion data via the first direct connection to facilitate sending
of'the at least one data block from the node to the destination
node via exactly the predefined number of relay nodes.

FIG. 25G illustrates a method for execution by at least one
processing module of a node 37. For example, the database
system 10 can utilize at least one processing module of one
or more nodes 37 of one or more computing devices 18,
where the one or more nodes execute operational instruc-
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tions stored in memory accessible by the one or more nodes,
and where the execution of the operational instructions
causes the one or more nodes 37 to execute, independently
or in conjunction, the steps of F1IG. 25G. In particular, a node
37 can utilize the data block routing module 2535 to execute
some or all of the steps of FIG. 25G, where multiple nodes
37 implement their own data block routing modules 2535 to
independently execute the steps of FIG. 25G, for example,
where some or all nodes 37 of a query execution plan 2405
implement data block routing modules 2535 to facilitate
execution of a query. Some or all of the method of FIG. 25G
can be performed by an initial route determination module
2542, a partial destination node identifier module 2544, an
intermediate node option set determination module 2545, an
intermediate node selection module 2546, and/or a data
block transmission module 2548. Some or all of the steps of
FIG. 25G can optionally be performed by any other pro-
cessing module of the database system 10. Some or all of the
steps of FIG. 25G can be performed to implement some or
all of the functionality of the data block routing module 2535
and/or of one or more individual nodes 37 as described in
conjunction with FIGS. 25A-25F. Some or all of the steps of
FIG. 25G can be performed to implement some or all of the
functionality regarding execution of a query via the plurality
of nodes in the query execution plan 2405 as described in
conjunction with FIGS. 24A-24E. Some or all steps of FIG.
25G can be performed by database system 10 in accordance
with other embodiments of the database system 10 and/or
nodes 37 discussed herein.

Step 2582 includes determining, by the node, to send at
least one data block from the node to a destination node of
the database system in accordance with execution of a query
by the database system via a plurality of nodes that includes
the node and the destination node. Step 2584 includes
determining, by the node, an initial route, such as initial
route data 2552, that includes a set of relay nodes, such as
initial relay node set 2521, for relaying the at least one data
block from the node to the destination node. For example,
the initial route can be determined by utilizing initial route
determination module 2542 and/or can be retrieved from
storage in at least one memory of the node. The set of relay
nodes of the initial route can include exactly a predefined
number of relay nodes, such as the predefined number of
relay nodes 2565, in accordance with a sequential relay
ordering from the node to the destination node. Step 2586
includes identifying a second relay node in the sequential
relay ordering for the initial route, for example, by utilizing
the partial destination node identifier module 2544 to deter-
mine a node that is two hops away from the node in the
initial route. Step 2588 includes identifying a set of inter-
mediate node options by identifying nodes of the database
system capable of receiving the at least one data block from
the node via a first direct connection and further capable of
sending the at least one data block to the second relay node
via a second direct connection. For example, the set of
intermediate node options can be identified by utilizing the
intermediate node options set determination module 2545
and/or can be retrieved from storage in at least one memory
of the node. Step 2590 includes generating intermediate
node selection data, such as immediate node selection data
2556, by selecting one intermediate node from the set of
intermediate node options. For example, the intermediate
node selection data can be generated by utilizing the inter-
mediate node selection module 2546. The one intermediate
node can be the same or different from the first intermediate
node indicated in the sequential relay ordering for the initial
route. Step 2592 includes transmitting the at least one data
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block from the node to the one intermediate node indicated
in the intermediate node selection data via the first direct
connection to facilitate sending of the at least one data block
from the node to the destination node via exactly the
predefined number of relay nodes. For example, the a least
one data block can be transmitted by utilizing data block
transmission module 2548.

In various embodiments the set of intermediate node
options includes a first relay node in the sequential relay
ordering for the initial route, and the one intermediate node
is different from the first relay node. In other cases, the one
intermediate node can be selected to be the same as the first
relay node in the sequential relay ordering for the initial
route.

In various embodiments, the one intermediate node can
facilitates sending of the at least one data block from the
node to the destination node, for example, by implementing
its own data block routing module 2535. This can include
receiving the at least one data block from the node and/or
determining the at least one data block is to be routed to the
destination node. This can include determining a second
initial route for relaying the at least one data block from the
one intermediate node to the destination node that includes
exactly one less than the predefined number of relay nodes
in accordance with a second sequential relay ordering from
the node to the destination node. The second sequential relay
ordering can be a truncated version of the sequential relay
ordering, for example, when the one intermediate node is
selected by the node to be the first node in the sequential
relay ordering of the initial route. Alternatively, the second
sequential relay ordering can be distinct from the sequential
relay ordering of the initial route, where one, multiple, or all
nodes in the second sequential relay ordering are not
included in the sequential relay ordering of the initial route.

The one intermediate node facilitating sending of the at
least one data block from the node to the destination node
can include identifying another second relay node in the
second sequential relay ordering for the second initial route.
This other second relay node can be the third relay node in
the sequential relay ordering for the initial route. Alterna-
tively, this other second relay node can be different from the
third relay node in the sequential relay ordering for the initial
route based on the second sequential relay ordering being
distinct from the sequential relay ordering of the initial
route. A second set of intermediate node options can be
identified by the one intermediate node by identifying nodes
of the database system capable of receiving the at least one
data block from the one intermediate node via a third direct
connection and further capable of sending the at least one
data block to the another second relay node via a fourth
direct connection. Second intermediate node selection data
can be generated by selecting a second one intermediate
node from the second set of intermediate node options. The
at least one data block can be transmitted from the one
intermediate node to the second one intermediate node
indicated in the second intermediate node selection data via
the third direct connection to facilitate sending of the at least
one data block from the one intermediate node to the
destination node via exactly the one less than the predefined
number of relay nodes.

In various embodiments, a last intermediate node facili-
tates sending of the at least one data block from the node to
the destination node, for example, by utilizing its own data
block routing module 2535. This can include receiving the
at least one data block from a penultimate intermediate node
and/or by determining the at least one data block is to be
routed to the destination node. This can include determining
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a third initial route for relaying the at least one data block
from the last intermediate node to the destination node that
includes no relay nodes based on a set of previously selected
intermediate nodes having a size exactly equal to the pre-
defined number of relay nodes. The set of previously
selected intermediate nodes can include all relay nodes that
received the at least one data block in conjunction with
facilitating routing of the at least one data block from the
node to the destination node, and the set of previously
selected intermediate nodes includes last intermediate node
based on being selected in intermediate node selection data
generated by the penultimate intermediate node.

The last intermediate node can transmit the at least one
data block from the last intermediate node to the destination
node via a fifth direct connection based on the third initial
route including no relay nodes, completing the full trans-
mission from the node to the destination node via exactly the
predefined number of intermediate nodes. In various
embodiments, a set difference between the set of previously
selected intermediate nodes and the set of relay nodes of the
initial route is non-null. In various embodiments, an inter-
section between the set of previously selected intermediate
nodes and the set of relay nodes of the initial route is null.

In various embodiments, the method includes determining
a query operator execution flow, such as query operator
execution flow 2433, for the query that includes a JOIN
operator. For example, this can be based on receiving the
query operator execution flow in accordance with determin-
ing participation in the corresponding query execution plan.
The method can further include determining to send at least
one data block from the node to the destination node of the
database system based on execution of the JOIN operation.
Alternatively or in addition, the destination node can be
designated to perform the JOIN operation. The destination
node can receive the at least one data block from the node
based on its assignment to perform the JOIN operation in
accordance with the query execution plan, and/or can pro-
cess the at least one data block routed from the node in
accordance with performing the JOIN operation.

In various embodiments, the method can include deter-
mining a query execution plan for the query, such as a query
execution plan 2405, that indicates the node and the desti-
nation node are included in a shuffle set of nodes, such as a
same shuffle node set 2485. Each of set of shuffle nodes can
be included in an inner level, such as an inner level 2414, of
a plurality of levels of the query execution plan. The method
can include determining to send at least one data block from
the node to the destination node of the database system
based on determining the node and the destination node are
included in the set of shuffle nodes of the query execution
plan.

In various embodiments, the method includes determining
performance data for the set of intermediate node options,
such as performance data 2570 that is generated, received, or
otherwise determined for some or all of the nodes in the set
of intermediate node options. Generating the intermediate
node selection data can be based on the performance data for
the determined for the set of intermediate node options. In
various embodiments, determining the performance data is
based on determining utilization levels of nodes in the set of
intermediate node options, determining communication
latency of nodes in the set of intermediate node options,
determining health degradation of nodes in the set of inter-
mediate node options, determining outages of nodes in the
set of intermediate node options, and/or determining an
amount of recently routed data blocks to nodes in the set of
intermediate node options. In various embodiments, gener-
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ating the intermediate node selection data includes selecting
the one intermediate node based on determining the one
intermediate node has most favorable performance data of
the set of intermediate node options. In various embodi-
ments, generating the intermediate node selection data
includes selecting the one intermediate node based on deter-
mining the performance data for the one intermediate node
compares favorably to a predetermined performance thresh-
old.

In various embodiments, the method further includes
determining to send at least one additional data block from
the node to the destination node of the database system in
accordance with execution of the same query, and/or in
accordance with a different query that is run concurrently
and/or in sequence in relation to the query. The method can
include determining the same or different initial route for
relaying the at least one additional data block from the node
to the destination node. For example, the initial route is the
same as the initial route determined in step 2584 based on
the initial route being fixed and/or stored in memory of the
node. As another example, the initial route is different based
on having changed from the initial route determined in step
2584. The method can include identifying the same or
different second relay node in the sequential relay ordering
for the initial route as determined in step 2586, for example,
where the second relay node is the same when the initial
route is the same and where the second relay node can be
different when the initial route is different. The method can
include identifying a new set of intermediate node options
by identifying nodes of the database system capable of
receiving the at least one data block from the node via a first
direct connection and further capable of sending the at least
one data block to the second relay node via a second direct
connection. The new set of intermediate node options can be
the same or different from the set of intermediate node
options of step 2588.

In various embodiments, a set difference between the new
set of intermediate node options and the set of intermediate
node options is null. For example, the new set of interme-
diate node options can be the same based on the second relay
node being the same and/or based on the set of intermediate
node options for the second relay node being fixed and/or
stored in memory of the node. In various embodiments, a set
difference between the new set of intermediate node options
and the set of intermediate node options is non-null. For
example, the new set of intermediate node options can be
different based on the second relay node being the different
and/or based on the set of intermediate node options for the
same second relay node being different. As another example,
the set difference between the new set of intermediate node
options and the set of intermediate node options is non-null
based on detecting a failure of one of the set of intermediate
node options, detecting a previously unavailable one of set
of intermediate node options available, detecting a change in
performance level of at least one of the set of intermediate
node options, and/or detecting a change in physical network
topology.

The method can further include generating new interme-
diate node selection data by selecting another intermediate
node from the new set of intermediate node options, where
this other intermediate node is distinct from the one inter-
mediate node. For example, this other intermediate node is
distinct from the one intermediate node based on a random,
pseudo-random, and/or turn-based selection being applied to
select the intermediate node from the same set of interme-
diate node options for each instance that data blocks are to
be routed via the particular second relay node. As another
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example, this other intermediate node is distinct from the
one intermediate node based on the performance data chang-
ing from the performance data utilized to generate the
intermediate node selection data in step 2590, where this
other intermediate node is selected based on having more
favorable performance data than its performance data uti-
lized in step 2590 and/or is selected based on having more
favorable performance data at this time than the one inter-
mediate node selected in step 2590. As another example, this
other intermediate node is distinct from the one intermediate
node based on the new set of intermediate node options
being different than the new set of intermediate node options
for the same second node of the initial route, for example,
where this other intermediate node was not included in the
set of intermediate node options determined in step 2588. As
another example, this other intermediate node is distinct
from the one intermediate node based on the second relay
node being different due to a change in the initial route,
where the corresponding set of intermediate node options is
therefore different. In other cases, this other intermediate
node is the same as the one intermediate node. The method
can further include transmitting the at least one additional
data block from the node to the another intermediate node
indicated in the new intermediate node selection data via the
same or different first direct connection to initiate sending of
the at least one data block from the node to the destination
node via exactly the predefined number of relay nodes.

In various embodiments, the method includes receiving
the at least one data block from a previous node, for
example, where the node serves as a relay node for trans-
mitting the at least one data block to the destination node.
For example, the previous node routed the at least one data
block to the node by utilizing its own data block routing
module 2535. The method includes determining to send at
least one data block from the node to a destination node is
based on determining the at least one data block is to be
routed to the destination node via the node’s participation as
a relay node.

In various embodiments, the previous node determined to
send the at least one data block to the node by determining
another initial route that includes another set of relay nodes
for relaying the at least one data block from the previous
node to the destination node, where the another set of relay
nodes of the another initial route includes exactly one more
than the predefined number of relay nodes in accordance
with another sequential relay ordering from the previous
node to the destination node. The previous node identified
another second relay node in this other sequential relay
ordering for this other initial route. This other second relay
node can be included in the set of intermediate node options
identified by the node, for example, based on the node being
operable to directly communicate with this another second
relay node. The previous node identified another set of
intermediate node options by identifying nodes of the data-
base system capable of receiving the at least one data block
from the previous node via a sixth direct connection and
further capable of sending the at least one data block to the
second relay node via a seventh direct connection. This
another set of intermediate node options included the node,
where the node may or may not have been the first node the
other sequential relay ordering of the other initial route
determined by the previous nodes. The previous node gen-
erated other intermediate node selection data by selecting
the node from the set of intermediate node options. The
previous node transmitted the at least one data block from
the previous node to the node based on the other interme-
diate node selection data via the sixth direct connection to



US 11,734,273 B2

41

facilitate sending of the at least one data block from the
previous node to the destination node.

In various embodiments, the method includes storing
initial route data for a plurality of initial routes to at least a
subset of the plurality of nodes in at least one memory of the
node. For example, each of the plurality of initial routes
were automatically calculated and/or generated by the node
itself prior to storage, or were received, for example, based
on being generated by another node or another processing
module of the database system. One of the plurality of initial
routes includes the initial route from the node to the desti-
nation node. Determining the initial route can include
retrieving the initial route from the at least one memory
based on determining to send at least one data block from the
node to the destination node. In various embodiments, the
method includes updating the initial route data for the initial
route in the at least one memory based detecting a failure of
one of the set of intermediate node options, detecting a
previously unavailable one of the set of intermediate node
options becoming available, detecting a change in perfor-
mance level of at least one of the set of intermediate node
options, and/or detecting a change in physical network
topology.

In various embodiments, a non-transitory computer read-
able storage medium includes at least one memory section
that stores operational instructions that, when executed by a
processing module that includes a processor and a memory,
cause the processing module to: determine to send at least
one data block from a node associated with the non-transi-
tory computer readable storage medium to a destination
node of a database system in accordance with execution of
a query by the database system via a plurality of nodes that
includes the node and the destination node; determine an
initial route that includes a set of relay nodes for relaying the
at least one data block from the node to the destination node,
where the set of relay nodes of the initial route includes
exactly a predefined number of relay nodes in accordance
with a sequential relay ordering from the node to the
destination node; identify a second relay node in the sequen-
tial relay ordering for the initial route; identify a set of
intermediate node options by identifying nodes of the data-
base system capable of receiving the at least one data block
from the node via a first direct connection and further
capable of sending the at least one data block to the second
relay node via a second direct connection; generate inter-
mediate node selection data by selecting one intermediate
node from the set of intermediate node options; and/or
transmit the at least one data block from the node to the one
intermediate node indicated in the intermediate node selec-
tion data via the first direct connection to facilitate sending
of'the at least one data block from the node to the destination
node via exactly the predefined number of relay nodes.

FIG. 26A illustrates an embodiment of an initial route
generator module 2610 operable to automatically generate
initial route data 2552 for some or all pairs of nodes as initial
route selection data, based on physical network topology
data of the physical network of the plurality of nodes. To
determine the initial routes utilized in the dynamic data
block routing scheme described in conjunction with FIGS.
25A-25G, the physical network topology can be leveraged
to enable intelligent selection of some or all of the initial
route data 2552 and/or to determine the sets of intermediate
nodes indicated in intermediate node options sets 2555
utilized by nodes as described in conjunction with FIGS.
25A-25G. This can include performance of a probing phase
to generate a graph of varying weights utilized to generate
initial routes between any pair of nodes and/or to generate
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initial routes between pairs of nodes that will transfer data
blocks in query execution. This improves database systems
by ensuring initial routes are more optimal in accordance
with characteristics of the physical network topology, which
enables routing of data blocks to be more efficient and/or
enables query execution to be more efficient.

The initial route generator module 2610 can be imple-
mented by utilizing one or more processing modules of the
database system 10, for example, by utilizing one or more
computing devices 18. The node network 2605 can include
a plurality of nodes 37, such as some or all of the plurality
of nodes utilized by the database system 10 as discussed
herein, for example, in accordance with executing queries
via query execution plans 2405 that each utilize some or all
of the plurality of nodes 37 of the node network 2605. The
node network 2605 further includes a plurality of direct
connections between some pairs of plurality of nodes to
facilitate communication between the plurality of nodes via
the node network 2605. The node network 2605 can be
utilized to implement one or more shuffle networks 2480
and/or one or more query execution plans 2405 for execu-
tion of one or more corresponding queries.

The initial route generator module 2610 is operable to
generate initial route selection data indicating initial route
data 2552 for each of a plurality of (source node, destination
node) pairs. This can be accomplished via a network topol-
ogy processing module 2620 and/or an initial route selection
module 2630. The initial route generator module 2610 can
generate, receive, and/or otherwise determine physical net-
work topology data corresponding to the physical network
topology of the node network 2605. For example, the
physical network topology data is received by the initial
route generator module 2610 from the node network 2605
itself via a network interface 2615 of the initial route
generator module 2610. As a particular example, the initial
route generator module 2610 can send a request to some or
all nodes 37 of the node network 2605 for physical network
topology data, and/or can perform a network probing pro-
cess of the node network 2605 to determine the physical
network topology data.

The physical network topology data can indicate the set of
nodes 1-Y of the node network and can further indicate a
plurality of direct connections 1-X between particular pairs
of' the plurality of nodes. The physical network topology can
indicate differing types of network connections and/or com-
munication protocols utilized for various direct connections.
The physical network topology can indicate the location of
nodes with respect to their ability to communicate in the
network. The physical network topology data can be repre-
sented as graph data indicating the plurality of nodes as
vertices and/or the plurality of direct connections as edges.
The physical network topology data can indicate commu-
nication latency and/or other favorability metrics for some
or all of the direct connections. The physical network
topology data can indicate communication latency and/or
other favorability metrics for particular nodes.

The initial route generator module 2610 can process this
information utilizing a network topology processing module
2620. A direct connection weighing module 2622 can gen-
erate and/or determine a plurality of weights for each of the
plurality of direct connections 1-X of the node network 2605
based on the physical network topology data. For example,
each weight can indicate a favorability metric for use of the
corresponding direct connection in a particular route of a
particular pair of nodes and/or for use in any route of any
particular pair of nodes. This can be based on expected
communication latency of the direct connection, a number
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of edges that each of the corresponding pair of nodes
includes, a location of the direct connection with respect to
other nodes and/or direct connections in the network,a
connectivity metric of the direct connection, and/or other
information.

Alternatively or in addition, a node weighing module
2624 can generate and/or determine a plurality of weights
for each of the plurality of nodes 1-Y of the node network
2605 based on the physical network topology data. For
example, each weight can indicate a favorability metric for
use of the corresponding node 37 in a particular route of a
particular pair of nodes and/or for use in any route of any
particular pair of nodes. This can be based on expected
communication latency of the node, a number of direct
connections to other nodes from the node, a location of the
node with respect to other nodes and/or direct connections in
the network, a connectivity metric of the node, and/or other
information.

Alternatively or in addition, a node route pair determina-
tion module 2626 can determine a plurality of node pairs 1-Z
for which a corresponding initial route is to be determined
by the initial route generator module 2610. For example, this
can be based on determining nodes included in same shuffle
node sets 2485 and/or determining pairs of nodes that will or
will node otherwise be required to exchange data in accor-
dance with query execution. In some cases, this can further
include determining communication frequency data for
some or all of the pairs of nodes 1-Z to indicate how
frequently data needs to be communicated by the corre-
sponding pair and/or how much data needs to be commu-
nicated by the corresponding pair based on historical com-
munication data tracked for previous queries, based on level
assignment data and/or other information regarding the
nodes’ roles in query execution plans, and/or based on other
information.

Alternatively or in addition, a node route pair determina-
tion module 2628 can generate and/or determine a plurality
of weights for each of the plurality of node pairs 1-Z of the
node network 2605 based on the physical network topology
data. In some cases, this can include determining only
possible routes that include less than or equal to a threshold
number of relay nodes, such as the predetermined number of
relay nodes M determined for the corresponding pair of
nodes. Alternatively, the predetermined number of relay
nodes M is not determined until the corresponding initial
route is ultimately selected based on the number of nodes in
the ultimately selected initial route. Some or all node pairs
1-Z can have a set of possible routes, such as a plurality of
possible routes to be considered as candidate routes for the
initial route to be selected for the corresponding node pair.

An initial route selection module 2630 can generate initial
route data 2552 for some or all of the node pairs 1-Z. This
can include selecting a most favorable one of the set of
possible routes for each node pair. This can include deter-
mining a favorability score for each of the set of possible
routes for each node pair, where each possible route’s
favorability score is calculated as a function of the direct
connection weights of direct connections included in the
possible route and/or is calculated as a function of the node
weights of nodes included in the possible route. The possible
route for a given node pair with the most favorable
favorability score of all possible routes of the given node
pair is selected as the initial route, and/or where a possible
route for a given node pair a favorability score that compares
favorably to a favorability score threshold is selected as the
initial route. In some cases, initial routes are selected for
different pairs of nodes to disperse and/or balance initial
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paths that will be taken across the network to reduce
congestion and/or load to any particular node and/or direct
connection by ensuring that each node and/or direct con-
nection is not included in more than a predefined threshold
number and/or proportion of initial routes.

In some cases, the initial route for a given node pair is
selected based on having a minimum possible number of
relay nodes for all possible routes between the source node
and destination node of the given node pair. In other cases,
the number of relay nodes in the selected initial route must
be included in at least a threshold number of other possible
routes, for example, to enable application of the dynamic
route selection scheme to achieve a sufficient number of
routes selected for routing of different data between the
source node and destination node with the predetermined
number of relay nodes. In these cases, rather than selecting
an initial route with the smallest possible number of relay
nodes, for example, where this initial route is included in a
small number of possible paths from the source node to the
destination node that can be accomplished this smallest
possible number of relay nodes, an initial route is selected
such that its number of relay nodes in included in a number
of possible paths that is sufficiently large and/or compares
favorably to a threshold minimum number of possible
routes. For example, the minimum number of relay nodes M
that can be selected such that the corresponding number of
possible paths that have exactly M relay nodes compares
favorably to the threshold minimum number of possible
routes, and the initial route is then selected from the possible
paths in this corresponding number of possible paths with
exactly M relay nodes.

Each initial route data 2552 data of the initial route
selection data can be sent by the initial route generator
module 2610 to the node network 2605 via its network
interface 2615. In particular, each initial route data 2552 data
of'the initial route selection data corresponding source node,
destination node, and/or relay nodes of the node network
2605 indicated in the initial route data 2552 via the direct
connections of the node network 2605. For example, par-
ticular initial route data 2552 of the initial route selection
data can be routed to appropriate nodes within the network
via a plurality of relay nodes. For example, the relay nodes
utilize the currently received initial route data 2552 corre-
sponding to their own routing that was received from the
initial route generator module 2610 to route other initial
route data for other nodes to the corresponding nodes as data
blocks via their respective data block routing modules 2535
as described in conjunction with FIGS. 25A-25G, and/or the
relay nodes utilize previously versions of the initial route
data 2552 corresponding to their own routing that was
previous received from the initial route generator module
2610 as a prior version of the initial route selection data to
route the other initial route data for other nodes to the
corresponding nodes as data blocks via their respective data
block routing modules 2535 as described in conjunction
with FIGS. 25A-25G.

In some cases, some or all nodes 37 can implement their
own initial route generator module 2610. For example, the
initial route generator module 2610 of a particular node 37
can probe the network of other nodes to determine physical
network topology data and/or can otherwise receive physical
network topology data, and can process the physical net-
work topology data to generate initial route data 2552 for
given node to some or all possible destination nodes, where
the initial route data 2552 is generated for only pairs of node
that include the given node as the source node. In some
cases, the node can send the initial route data 2552 to some
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or all relay nodes indicated in the initial route data 2552 for
some or all destinations, for example, by implementing its
data block routing module 2535 to route the initial route data
2552 as data blocks routed to other nodes as described in
conjunction with FIGS. 25A-25G by utilizing the currently
determined initial route data and/or a previous version of the
initial route data. These relay nodes can receive and store the
initial route data 2552 sent from the given node to determine
their initial route to the corresponding some or all destina-
tions, based on determining a truncated portion of the initial
route form the source node to destination node starting from
the given relay node. Alternatively, a node can implement its
initial route generator module 2610 to generate some initial
route data 2552 for pairs of node that include other source
nodes, where the node further routes this initial route data
2552 to the other source nodes, for example, by implement-
ing its data block routing module 2535 to route the initial
route data 2552 as data blocks routed to other nodes as
described in conjunction with FIGS. 25A-25G by utilizing
the currently determined initial route data and/or a previous
version of the initial route data.

Each node 37, upon receiving a plurality of initial route
data 2552 from the initial route generator module 2610
directly via a direct connection; upon receiving a plurality of
initial route data 2552 from the initial route generator
module 2610 directly via a plurality of relay nodes utilizing
their data block routing modules 2535 utilizing their own
initial route data 2552 received from the initial route gen-
erator module 2610; and/or upon determining a plurality of
initial route data 2552 by implementing its own initial route
generator module 2610 utilizing its own processing and/or
memory resources; can store this received and/or determined
plurality of initial route data 2552 in its own local memory
via a memory module 2640 implemented by each node 37.
As illustrated in FIG. 26B, the memory module can store the
plurality of plurality of initial route data 2552 mapped to the
corresponding destination node, where a plurality of distinct
destination nodes 1-V that the node is operable to commu-
nicate with has corresponding initial route data 255-1-
2552-V stored by the memory module 2640, each mapped to
a corresponding one of a plurality of destination identifiers
1-V. Each destination 1-V can be a distinct node: when the
node determines to route a generated and/or incoming data
block to a given destination node, it can indicate the corre-
sponding destination ID in a request to the memory module,
and can fetch the corresponding initial route data 2552 for
the denoted destination ID from the memory module 2640 in
response for use by the data block routing module 2535 to
determine the selected intermediate node 2525 to which the
corresponding data block is to be sent in accordance with its
routing to the destination, as discussed in conjunction with
FIGS. 25A-25G.

FIG. 26B illustrates a method for execution by at least one
processing module of a database system 10. For example,
the database system 10 can utilize at least one processing
module of one or more nodes 37 of one or more computing
devices 18, where the one or more nodes execute operational
instructions stored in memory accessible by the one or more
nodes, and where the execution of the operational instruc-
tions causes the one or more nodes 37 to execute, indepen-
dently or in conjunction, some or all of the steps of FIG.
26B. The database system can utilize the initial route gen-
erator module 2610 of FIG. 26A and/or can utilize data
block routing module 2535 of a plurality of nodes 37 to
facilitate execution of some or all of the steps of FIG. 26B.
In particular, a node 37 can utilize the data block routing
module 2535 to execute some or all of the steps of FIG. 26B,
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where multiple nodes 37 implement their own data block
routing modules 2535 to independently execute the steps of
FIG. 25G, for example, where some or all nodes 37 of a
query execution plan 2405 implement data block routing
modules 2535 to facilitate execution of a query. Some or all
of'the steps of FIG. 26B can optionally be performed by any
other processing module of the database system 10. Some or
all of the steps of FIG. 26B can be performed to implement
some or all of the functionality of the initial route generator
module 2610, some or all data block routing modules 2535,
and/or of one or more individual nodes 37 as described in
conjunction with FIGS. 25A-25G and/or as described in
conjunction with FIG. 26A. Some or all of the steps of FIG.
26B can be performed to implement some or all of the
functionality regarding execution of a query via the plurality
of nodes in the query execution plan 2405 as described in
conjunction with FIGS. 24A-24E. Some or all steps of FIG.
26B can be performed by database system 10 in accordance
with other embodiments of the database system 10 and/or
nodes 37 discussed herein.

Step 2682 includes determining physical network topol-
ogy data of a plurality of nodes of the database system
utilized to facilitate query executions, for example, by
utilizing the initial route generator module 2610. The physi-
cal network topology data can indicate or be based on direct
connections and/or routed connections that are possible
between various pairs of relay nodes given the physical
network structure.

Determining the physical network topology data can
include determining minimum distances between pairs of
nodes as a minimum number of relay nodes. This can
include determining one or more possible routes between
some or all pairs of nodes. Determining the physical network
topology data can include a probing phase of the physical
network to generate graph data for the plurality of nodes,
where the plurality of nodes are depicted as vertices in the
graph data and/or where direct connections between various
ones of the plurality of nodes are depicted as unidirectional
or bidirectional edges of the graph data connecting corre-
sponding ones of the plurality of nodes with direct connec-
tions. Determining the physical network topology data can
include evaluating one or more connectivity metrics for of
the graph data. Determining the physical network topology
data can include determining a minimum spanning tree of
the graph data. Determining the physical network topology
data can include determining nodes with corresponding
vertices in the graph data with at least a threshold number of
edges and/or determining nodes with corresponding vertices
in the graph data with less than a threshold number of edges.

Determining the physical network topology data can
include generating a plurality of weights to be assigned to
the plurality of edges of the graph based on the probing
phase. For example, an edge’s weight can be determined
based on: expected and/or measured communication latency
between the corresponding pair of nodes via the correspond-
ing direct connection; a type of communication protocol
utilized via the corresponding direct connection; an expected
and/or measured load of communication via the correspond-
ing direct connection; a number of edges of each vertex
bounding the given edge; whether the edge is included in a
minimum spanning tree determined for the graph data;
and/or information regarding favorability of the given edge
for use in a route between a given pair of nodes and/or for
use in any route between any pair of nodes. In some cases,
each of the plurality of weights are generated in accordance
with determining weights for a minimum spanning tree of
the graph data.



US 11,734,273 B2

47

Step 2684 includes generating initial route selection data,
for example, by utilizing the initial route generator module
2610. The initial route selection data can indicate a set of
initial relay nodes for some or all of a plurality of pairs of
the plurality of nodes based on the physical network topol-
ogy data. The initial route selection data of a given pair of
the plurality of nodes can be generated by selecting one of
aplurality of possible initial route options determined for the
given pair of the plurality of nodes. to generate initial routes
between any pair of nodes and/or to generate initial routes
between pairs of nodes that will transfer data blocks in query
execution. This can include determining a plurality of pos-
sible initial route options determined for some or all possible
pairs of the plurality of nodes. This can include determining
route favorability data for each of the possible initial route
options, based on the physical network topology data.

In some cases, the plurality of weights for the plurality of
edges correlate to and/or indicate an edge favorability level
of the corresponding plurality of direct connections for use
in a route between a given pair of nodes and/or for use in any
route between any pair of nodes. The route favorability level
for each possible initial route option can be determined as a
sum of, average of, or other function of the plurality of
weights assigned to the plurality vertices for a plurality of
direct connections of a given set of relay nodes of the
possible initial route option.

For example, a first route favorability level for a first route
option between a pair of nodes indicates a first sum and/or
average of corresponding weights for the direct connections
in the first route option. A second route favorability level for
a second route option between the pair of nodes indicates a
second sum and/or average of corresponding weights for
direct connections in the second route option. The first route
option is selected rather than the second route option based
on the first route favorability level being more favorable
than the second route favorability level and/or based on the
based on the first route favorability level being more favor-
able than all other favorability levels for all other route
options in the set of possible route options between the pair
of nodes.

In various embodiments, the initial route selection data
for the plurality of pairs is selected to disperse communi-
cation paths across different possible edges of the corre-
sponding graph data, for example, to balance load via a
plurality of different communication paths. This can include
ensuring no direct connection and/or set of sequential direct
connections being expected to be too congested by ensuring
no direct connection and/or set of sequential direct connec-
tions is included in more than a predetermined threshold
number of initial routes. This can include ensuring no
individual node and/or set of nodes being expected to be too
congested by ensuring no node and/or set of nodes is
included in more than a predetermined threshold number of
initial routes.

In some cases, pairs of nodes are rated with a communi-
cation frequency rating and/or communication load rating to
indicate how much data and/or how often data is expected to
be transferred between the pairs of nodes. This can be
utilized to apply usage weights to the corresponding set of
direct connections and/or to the corresponding set of relay
nodes of each route based on how much the given route is
expected to be used, in accordance with the communication
frequency rating for the corresponding pair of nodes. Bal-
ancing the load via a plurality of different communication
paths can be weighted by and/or based on differing com-
munication frequency ratings for different pairs of nodes
and/or the corresponding usage weights applied to the
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corresponding set of direct connections and/or relay nodes
included in the possible initial routes or a selected initial
route.

Step 2686 includes sending the initial route selection data
to the plurality of nodes for storage in local memory of the
plurality of nodes. For example, different initial route selec-
tion data indicating a set of initial relay nodes is generated
for some or all pairs of the plurality of nodes. The initial
route selection data generated for a given pair of nodes is
sent to a source node of the pair of nodes, to a destination
node of the pair of nodes, and/or to some or all of the set of
initial relay nodes indicated in the initial route selection data
generated for the given pair. For example, a given node can
receive and locally store initial route selection data for a
plurality of routes in which it is included as a source node,
destination node, or relay node, for a plurality of different
pairs.

Step 2688 includes generating a query resultant by facili-
tating execution of a query, for example, via the plurality of
nodes in accordance with a corresponding query execution
plan 2405. This can include facilitating routing of data
blocks between at least one of the plurality of pairs of the
plurality of nodes via a set of intermediate nodes selected by
a subset of the plurality of nodes based on the initial route
selection data in accordance with a dynamic data block
routing scheme, for example where the dynamic data block
routing scheme is implemented via one or more embodi-
ments discussed in conjunction with FIGS. 25A-25G and/or
where the where the dynamic data block routing scheme is
implemented via the subset of nodes each implementing a
data block routing module 2535 of FIGS. 25B-25F. For
example, in facilitating execution of the query, at least one
data block is routed from a source node of one of the
plurality of pairs to a destination node of the one of the
plurality of pairs via implementation of a data block routing
module by a subset of the plurality of nodes. Implementation
of the data block routing module by each node in the subset
of the plurality of nodes includes utilizing the initial route
selection data to determine an intermediate node based on
the initial route selection data.

In various embodiments, each node in the subset of the
plurality of nodes utilized to route the least one data block
from the source node to the a destination node is included in
the set of initial relay nodes indicated in the initial route
selection data generated for the pair of nodes that includes
the source node and the a destination node. In various
embodiments, at least one node in the subset of the plurality
of nodes utilized to route the least one data block from the
source node to the a destination node is not included in the
set of initial relay nodes indicated in the initial route
selection data generated for the pair of nodes that includes
the source node and the a destination node, for example,
where this different node was selected from an intermediate
node options set that includes one node from the initial relay
node set, where the different node and the one node from the
initial relay node set are both included in the same possible
i relay node set 2560. In various embodiments, a number
of nodes in the set of initial relay nodes must be and/or
otherwise is equal to a number of nodes in the subset of
nodes that were utilized to relay the at least one data block
from the source node to the destination node, even if a set
difference between the subset of nodes that were utilized to
relay the at least one data block from the source node to the
destination node and the set of initial relay nodes of the
initial route data for the pair of nodes that includes this
source node and destination node is non-null.
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In various embodiments, the initial route selection data
generated for a given pair of nodes is sent only to a source
node of the pair of nodes. For example, a given node can
receive and locally store initial route selection data for each
of a plurality of routes for which it is the source node, where
each of the plurality of routes has a different destination
node. One of the locally stored initial route selection data
with a corresponding destination node is accessed from the
local memory based on the node receiving or generating data
to be routed to the corresponding destination node. Note that
the given node can be implemented as a relay node in a relay
node set 2520 for relaying data blocks of a source node that
generated the data blocks, but the given node acts deter-
mines the initial route data to the destination node for a pair
in which it is the source node, as transfer of the data from
the actual source node to the given node via one or more
previous relay nodes is, in some or all cases, irrelevant to the
given node in determining the remainder of the path to the
destination node.

In various embodiments, the initial route selection data
generated for a given pair of nodes and sent to a source node
of the pair of nodes indicates the entirety of the set of initial
relay nodes selected in the initial route selection data to the
destination node. In other cases, the initial route selection
data generated for a given pair of nodes and sent to a source
node of the pair of nodes is only a truncated route such as
truncated route data, which constitutes a proper subset of
nodes of the entire initial route, that includes only up to the
partial destination node in accordance with the predeter-
mined number of hops away 2543.

In various embodiments, any first pair of nodes that are
included within the initial route of a second pair of nodes
must have their own initial route of initial relay nodes that
constitute a proper subset of the initial route this second pair
of'nodes. In other cases, a first pair of nodes that are included
within the initial route of a second pair of nodes may have
their own initial route of initial relay nodes that includes at
least one node not included in the initial route of this second
pair of nodes.

FIGS. 27A-27C illustrate embodiments of nodes of the
database system that are operable to implement a prioritized
feedback routing mechanism to prioritize the routing of
feedback data blocks over the routing of other types of
“normal” data blocks, such as the data blocks generated by
the query processing module 2435 in accordance with query
execution discussed previously. When a node, such as a
particular node receiving data blocks as a relay node of a
relay node set 2520 and/or a destination node 2530, has too
much backpressure to continue receiving and processing
data blocks effectively, they can generate feedback for
transmission to the source nodes and/or relay nodes that sent
these data blocks to instruct these nodes to stop and/or slow
their transmission of data blocks, and/or to reroute their
transmission via a different node. However, the latency
involved in relaying this information can be timely, where
the corresponding source nodes may continue to send suf-
ficiently more data blocks before ever receiving this mes-
sage. This feedback can therefore be prioritized for routing
back to the source node via a prioritized feedback routing
mechanism.

The prioritized feedback routing mechanism can include
instructing selected intermediate nodes 2525 of the relay
node set 2520, which may also be receiving normal data
blocks from other nodes for routing, to prioritize these
feedback data blocks over the normal data blocks to ensure
they are more quickly routed to the source node. For
example, each relay node may have a queue of data blocks
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to be routed to various nodes in turn-based fashion as they
are received, where the feedback data blocks are automati-
cally prioritized to be processed and sent before some or all
other normal data blocks in the queue even if they were
received after these other data blocks. The prioritized feed-
back routing mechanism can alternatively or additionally
include destination of some nodes 37 of the database system
10 for only routing such feedback communications to ensure
that the channel is not congested with data blocks as well,
also ensuring faster delivery of this information to the source
nodes. In some cases, these feedback designated nodes also
route other data blocks as relay nodes, but may be desig-
nated to route fewer of such data blocks. In some cases, such
a feedback routes between a pair of nodes utilized to route
prioritized feedback data blocks may include a smaller
number of nodes than the predefined number of nodes M that
would be utilized to transmit normal data blocks to ensure
the prioritized feedback data blocks are routed more quickly.

As illustrated in FIG. 27A, a destination node 2530, can
receive a plurality of data blocks from a plurality of source
nodes 2510-1-2510-]J via a corresponding plurality of relay
node sets 2520-1-2520-J. For example, these data blocks are
routed via a relay node sets 2520 from a corresponding
source node 2510 via the dynamic data block routing
scheme discussed in conjunction with FIGS. 25A-25G. In
some cases, this destination node 2530 is alternatively or
additionally serving as a particular relay node included in
some or all of the plurality of relay node sets 2520-2520-J.
FIG. 27A can serve as an extension of the embodiment
illustrated in FIG. 25A, illustrating how feedback data can
be sent by the destination node 2530 of FIG. 25A back to one
or more source nodes 2510 that send data blocks to the
destination node via a corresponding relay node set 2520 as
illustrated in FIG. 25A.

A backlog detection module 2730 can be implemented by
the node to detect or otherwise determine whether backlog
threshold condition has been meet, for example, based on a
rate and/or amount of data blocks being received via each
relay node set 2520-1-2520-J at a particular time meeting
and/or otherwise comparing unfavorably to the backlog
threshold condition and/or based on the node otherwise
determining it is unable to effectively process data blocks at
the given rate. In some cases, the backlog detection data
detects that the performance of the node itself is degrading
and/or failing, and that communication to the node should
therefore be slowed and/or abandoned entirely due to this
degradation in performance. The backlog detection data can
indicate one or more particular source nodes 2510 that
should slow and/or halt their sending of data blocks to the
given nodes based on detecting only these particular nodes
are sending too much data and/or sending their data blocks
too quickly. The backlog detection data can indicate all
source nodes 2510 and/or relay nodes need to slow and/or
halt their sending of data blocks to the given node. In some
cases, some or all nodes 37 of the database system imple-
ment the backlog detection module 2730 in this fashion
based on data blocks they receive from other nodes.

A prioritized feedback routing module 2740 can be imple-
mented by the destination node based on the backlog detec-
tion data, for example, to generate and/or transmit feedback
data blocks to some or all source nodes and/or relay nodes
as indicated in the backlog detection data that include
instructions for execution these source nodes and/or relay
nodes to stop and/or slow their rate of transmission to the
given node as necessitated by and/or indicated in the back-
log detection data. The prioritized feedback routing module
2740 can facilitate routing of these feedback data blocks
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back to the necessary nodes, such as all source nodes
2510-1-2510-] by selecting and/or facilitating use of a
prioritized feedback communication mechanism. As illus-
trated in FIG. 27A, applying the prioritized feedback com-
munication mechanism can include routing feedback data
blocks to source nodes 2510-1-2510-] via prioritized feed-
back node sets 2720-1-2720-J. Each source node and/or
relay node, upon receiving the feedback data blocks, can
implement the instructions included in the feedback data
blocks to stop and/or slow their rate of transmission to the
given node accordingly.

The prioritized feedback routing module 2740 can be
implemented by the data block routing module 2535 of the
node, where the data block routing module 2535 operates in
a prioritized feedback routing mode rather than a normal
data block routing mode to route the data blocks via the
prioritized feedback communication mechanism rather than
the normal dynamic data block routing scheme discussed in
conjunction with FIGS. 25A-25G. In such cases, the
dynamic data block routing scheme can be applied to
implement the prioritized feedback communication mecha-
nism of the prioritized feedback module 2740, for example,
as discussed in conjunction with FIGS. 27B-27C. In other
cases, the prioritized feedback routing module 2740 is
separate from the data block routing module 2535. In some
cases, the prioritized feedback routing module 2740 does not
implement the dynamic data block routing scheme discussed
previously, for example, where each feedback node set
2720-1-2720-] is known to the node and/or is fixed to enable
a predetermined, consistent path for routing of feedback
data.

While the prioritized feedback node sets 2720-1-2720-J
are illustrated to be distinct from the relay node sets 2520-
1-2520-J, each prioritized feedback node set can include
some or all nodes of one or more relay node sets 2520-1-
2520-J. For example the nodes in the prioritized feedback
node sets 2720-1-2720-] can transmit some normal data
blocks by participating in one or more relay node sets 2520
in addition to sending the feedback data blocks via partici-
pation in a prioritized feedback node set 2720. In other
cases, the prioritized feedback node sets 2720-1-2720-] are
always distinct from the relay node sets 2520-1-2520-J, for
example, where the nodes in the prioritized feedback node
sets 2720-1-2720-] transmit only feedback data blocks at a
particular time and/or all of the time.

FIG. 278 illustrates an embodiment of a prioritized feed-
back communication mechanism that applies some or all
features of the dynamic data block routing scheme discussed
previously to determine the final prioritized feedback node
set 2720 as a plurality of selected intermediate nodes
2525.1'-2525.M'". FIG. 27B can serve as an extension of the
embodiment illustrated in FIG. 25B, where the source node
2510 and destination node 2530 of FIG. 27B can be the same
as the source node 2510 and destination node 2530 of FIG.
25B to illustrate how feedback data is routed from the
destination node 2530 back to the source node 2510 of FIG.
25B. The prioritized feedback routing module 2740 of each
node can be operable to select a selected intermediate node
2525 in a same or similar fashion as discussed in conjunction
with FIGS. 25B and/or and 25C.

The destination node 2530 utilizes its prioritized feedback
routing module 2740 to selects selected intermediate node
2525.1", and destination node 2530 and sends the feedback
data blocks, the destination node ID that denotes source
node 2510, and/or a feedback priority indicator to selected
intermediate node 2525.1' accordingly. Based on receiving
this information from destination node 2530, the selected
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intermediate node 2525.1' utilizes its own prioritized feed-
back routing module 2740 to select that the next node in the
prioritized feedback node set 2720 be selected intermediate
node 2525.2', and forwards some or all of this information
to selected intermediate node 2525.2'. Each selected inter-
mediate node can select the next selected intermediate node
in the prioritized feedback node set 2720 accordingly until
selected intermediate node 2525.M' is selected by selected
intermediate node 2525.M-1', where selected intermediate
node 2525.M' sends the feedback data blocks to the source
node based on the source node being indicated by the
destination node ID and based on selected intermediate node
2525.M' having a direct connection with source node 2510.

Some or all of the plurality of selected intermediate nodes
2525.1'-2525.M' of FIG. 27B can be the same or different
from the plurality of selected intermediate nodes 2525.1-
2525.M of FIG. 25B. The value of M in FIG. 27B can be
strictly the same as, or may alternatively be different from,
the value of M in FIG. 25B. For example, a same or different
initial route of the same or different number M nodes from
source node 2510 to destination node 2530 utilized by the
data block routing module 2535 of FIG. 25A can be utilized
by the prioritized feedback routing module 2740 of the
destination node 2530.

FIG. 27C illustrates an embodiment of a data block
routing module 2535 that is operable to be implemented as
the prioritized feedback routing module 2740 of FIG. 27A
and/or 27B, for example, in accordance with operating in
one of a plurality of modes of the data block routing module
2535 that includes at least a normal data block routing mode
and a prioritized feedback routing mode. For example,
priority data can be extracted from or indicated by different
types of data blocks, where normal data blocks discussed
previously have a normal priority level and where feedback
data blocks corresponding to prioritized feedback as illus-
trated in FIGS. 27A and/or 27B has a feedback priority level,
where the feedback priority level is a higher priority level
than the normal priority level or otherwise indicates that the
corresponding feedback data blocks be processed and/.or
routed differently by the data block routing module 2535
than normal data blocks.

In the embodiment illustrated in FIG. 27C, the different
processing of prioritized feedback in accordance with the
data block routing module 2535 operating in accordance
with the prioritized feedback routing mode includes apply-
ing a different initial route to prioritized feedback data block
than the initial route applied to normal data blocks. For
example, the memory module 2640 of FIG. 26 A of some or
all node 37 each store predetermined initial routes from the
given node to each of a set of V destination nodes as
discussed previously. However, each of the set of V desti-
nation nodes can have normal initial route data 2552 and
priority initial route data 2553, where the priority initial
route data 2553 contains the same or similar type of infor-
mation as the initial route data 2552 discussed herein, but
specifically is to be utilized only for prioritized feedback,
where the priority initial route data 2553 indicates a different
set of relay nodes from the priority initial route data 2553 to
the same destination of the same number of M relay nodes
or a different number of M relay nodes, for example, where
the predetermined number of relay nodes 2565 for the
priority initial route data 2553 is strictly less than the
predetermined number of relay nodes 2565 for the normal
initial route data 2552 of the same destination. In some
cases, both the priority initial route data 2553 and the normal
initial route data 2552 for some or all (source node, desti-
nation node) pairs is generated by the initial route generator
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module 2610 of FIG. 26A. In some cases, the priority initial
route data 2553 and the normal initial route data 2552 are
identical for some or all destination nodes 1-V, for example,
where other adaptations of the data block routing module
2535 are instead utilized to prioritize the feedback data
blocks over normal data blocks.

In such embodiments, in accordance with applying the
prioritized feedback communication mechanism, the initial
route determination module 2542 further utilizes priority
data of incoming data blocks as input to determine whether
the input data blocks are normal data blocks or correspond
to prioritized feedback. In this example, the data blocks to be
routed correspond to prioritized feedback based on the
priority data, and therefore the priority initial route data
2553 to the destination node denoted by the destination
identifier is selected by the initial route determination mod-
ule 2542. In other cases, when the data blocks routed to a
destination node are determined to correspond to normal
data blocks, the normal initial route data 2552 to the to the
destination node denoted by the destination identifier is
instead selected by the initial route determination module
2542. In some cases, some or all destinations 1-V are
designated for routing by the given node for prioritized
feedback only, where some or all some or all destinations
1-V are therefore only have a priority initial route data 2553
from the node and not normal initial route data 2552 from
the node.

Given the priority initial route data 2553, the partial
destination node identifier module 2544 can operate in a
same or similar fashion as discussed in conjunction with
FIG. 25C to generate the partial destination node 1D 25554,
but based on the sequential ordering of initial relay nodes of
the priority initial route data 2553 rather than that of the
normal initial route data 2552 in response to the priority
initial route data 2553 being selected by the initial route
determination module 2542.

The intermediate node options set determination module
2545 can operate in a same or similar fashion as discussed
in conjunction with FIG. 25C to generate the intermediate
node options set 2555 based on the partial destination node
1D 2554. Alternatively, in accordance with the prioritized
feedback communication mechanism of some embodiments,
the intermediate node options set 2555 determined for a
partial destination node ID 2554 can be different if the
corresponding partial destination node was determined from
priority initial route data 2553 rather than normal initial
route data 2552 and/or if the priority data otherwise indi-
cates the data blocks are prioritized feedback. For example,
a narrower set of intermediate node options is determined if
the data blocks are prioritized feedback. As another
example, predetermined intermediate node options set 2555
of'a partial destination node of an initial route includes a first
set of nodes when the data blocks are prioritized feedback
and includes a second set of nodes when the data blocks are
normal, where the first set of nodes and the second set of
nodes have a non-null set difference and/or where the first
set of nodes and the second set of nodes have a null
intersection. This can be utilized to ensure nodes are selected
differently for prioritized feedback, for example, to ensure
these nodes won’t be constrained by also being designated
for sending of normal data blocks to ensure more efficient
routing of the prioritized feedback.

The intermediate node selection module 2546 can operate
in a same or similar fashion as discussed in conjunction with
FIG. 25C to generate intermediate node selection data 2556
indicating the selected intermediate node 2525 based on the
intermediate node options set 2555. Alternatively, in accor-
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dance with applying the prioritized feedback communica-
tion mechanism, the function or other means utilized to
select the selected intermediate node 2525 from the inter-
mediate node options set 2555 when the data blocks corre-
spond to prioritized feedback can be different from the
mechanism utilized to select the selected intermediate node
2525 from the intermediate node options set 2555 when the
data blocks are normal data blocks. For example, the selec-
tion of the selected intermediate node can be based on
stricter criteria to ensure the most favorably performing
node is selected and/or the node with the least amount of
recently transmitted data blocks by the node is selected to
help ensure the selected node will more efficiently route the
node, for example, than if a different node in the set was
selected. The selected intermediate node can be based on
looser criteria when the data blocks are normal data blocks,
for example, where next node in a turn-based ordering is
instead selected from the intermediate node options set 2555
when the data blocks are normal data blocks.

The data block transmission module 2548 can operate in
a same or similar fashion as discussed in conjunction with
FIG. 25C to forward the data blocks and destination node
identifier to the selected intermediate node 2525 indicated in
the intermediate node selection data 2556. In some cases,
priority data indicating whether the data blocks are normal
or prioritized feedback is also send by the data block
transmission module 2548 based on being determined by the
data block routing module 2535 and/or based on being
received by the data block routing module 2535 in conjunc-
tion with the received data blocks. In some cases, the data
blocks themselves and/or header data of the data blocks can
indicate and/or include the priority data. In some cases,
priority data is only sent in conjunction with prioritized
feedback, where data blocks with no accompanying priority
data are therefore determined to be normal by a data block
routing module 2535 that receives data blocks.

FIG. 27D illustrates a method for execution by at least one
processing module of a database system 10. For example,
the database system 10 can utilize at least one processing
module of one or more nodes 37 of one or more computing
devices 18, where the one or more nodes execute operational
instructions stored in memory accessible by the one or more
nodes, and where the execution of the operational instruc-
tions causes the one or more nodes 37 to execute, indepen-
dently or in conjunction, some or all of the steps of FIG.
27D. The database system can utilize the prioritized feed-
back communication mechanism described in conjunction
with FIGS. 27A-27C and/or can utilize prioritized feedback
routing module 2740 of a plurality of nodes 37 to facilitate
execution of some or all of the steps of FIG. 27D. In
particular, a node 37 can utilize the prioritized feedback
routing module 2740 to execute some or all of the steps of
FIG. 27D, where multiple nodes 37 implement their own
prioritized feedback routing modules 2740 to independently
execute the steps of FIG. 27B, for example, where some or
all nodes 37 of a query execution plan 2405 implement
prioritized feedback routing module 2740 to facilitate trans-
mission of feedback data during execution of a query. Some
or all of the steps of FIG. 27B can optionally be performed
by any other processing module of the database system 10.
Some or all of the steps of FIG. 27B can be performed to
implement some or all of the functionality of the prioritized
feedback communication mechanism described in conjunc-
tion with FIGS. 27A-27C, some or all prioritized feedback
routing modules 2740 of FIGS. 27A-27B, some or all
backlog detection modules of FIGS. 27A-27B, some or all
data block routing modules 2535 of FIGS. 25B-25F and/or
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FIG. 27C, and/or of one or more individual nodes 37 as
described in conjunction with FIGS. 25A-25G and/or as
described in conjunction with FIGS. 27A-27C. Some or all
of the steps of FIG. 27D can be performed to implement
some or all of the functionality regarding execution of a
query via the plurality of nodes in the query execution plan
2405 as described in conjunction with FIGS. 24A-24E.
Some or all steps of FIG. 27D can be performed by database
system 10 in accordance with other embodiments of the
database system 10 and/or nodes 37 discussed herein.

Step 2782 includes receiving plurality of data blocks from
a plurality of source nodes via plurality of relay nodes in
accordance with execution of a query by a plurality of nodes
of the database system, for example as discussed in con-
junction with FIGS. 25A-25G and/or as discussed in con-
junction with FIGS. 26A-26B, where the node is a destina-
tion node 2530 and/or a relay node of a relay node set 2520.
Alternatively, each of the plurality of data blocks are
received from a single source node. Step 2784 includes
generating backlog detection data based on a current data
input rate of the plurality of data blocks block comparing
unfavorably to a backlog threshold condition. For example,
the backlog threshold condition is based on a maximum
threshold input rate of the plurality of data blocks, where the
backlog detection data is generated based on the current data
input rate exceeding or otherwise comparing unfavorably to
the maximum threshold input rate. As another example, the
backlog threshold condition is based on a maximum utili-
zation level, where the backlog detection data is generated
based on a current utilization level the exceeding or other-
wise comparing unfavorably to the maximum utilization
level, where the current utilization level is based on the input
rate of the plurality of data blocks, is based on processing the
received plurality of data blocks via a query processing
module 2435 of the node, and/or is based on routing the
plurality of data blocks via a data block routing module 2535
of the node. As another example, the backlog threshold
condition is based on a maximum data queue size, where the
backlog detection data is generated based on a current data
queue size of a data queue of the node the exceeding or
otherwise comparing unfavorably to the maximum data
queue size, where the plurality of data blocks are added to
the data queue of the node while they are pending processing
by the node via the query processing module 2435 of the
node and/or relaying by the node via the data block routing
module 2535 of the node. As another example, the backlog
threshold condition is based on a required performance
level, where the backlog detection data is generated based on
a current performance level comparing unfavorably to the
required performance level, for example, where the current
performance level is based on the input rate of the plurality
of data blocks and/or is based on receiving the plurality of
data blocks.

Step 2786 includes generating at least one feedback data
block based on the backlog detection data to be sent to the
plurality of source nodes. For example, the feedback data
block can indicate an instruction to reduce and/or stop the
routing of data blocks from some or all of the plurality of
source nodes and/or some or all of the plurality of relay
nodes. Step 2788 includes generating feedback relay node
selection data selecting at least one of the plurality of nodes
in the database system that is operable to facilitate routing of
the least one feedback data block from the node to the
plurality of source nodes via a prioritized feedback commu-
nication mechanism. For example, generating the feedback
relay node selection data can include selecting one priori-
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tized feedback communication mechanism from a set of
different prioritized feedback communication mechanism
options.

In some cases, generating the feedback relay node selec-
tion data includes identifying a set of designated feedback
relay nodes and routing at least one feedback data block to
some or all of the plurality of source nodes via at least the
set of designated feedback relay nodes. In some cases,
generating the feedback relay node selection data includes
identifying at least one of a set of relay nodes to be utilized
to send the at least one feedback data block to one of the
plurality of source nodes for example, by utilizing the data
block routing module 2535 in accordance with the dynamic
data block routing scheme of FIGS. 25A-25G.

Step 2790 includes sending the at least one feedback data
block to the at least one of the plurality of nodes selected in
the feedback relay node selection data, wherein the at least
one of the plurality of nodes facilitates routing of the least
one feedback data block from the node to the plurality of
source nodes via the prioritized feedback communication
mechanism. For example, the node utilizes its data block
routing module 2535 to select a selected intermediate node
2525 in intermediate node selection data 2556, for example,
based on the prioritized feedback communication mecha-
nism, to route the at least one feedback data block to a
corresponding destination node and to send the least one
feedback data block to the selected intermediate node 2525,
where the corresponding destination node is one of the
plurality of source nodes and/or one of the plurality of relay
nodes. In some cases, the selected intermediate node 2525,
upon receiving the data block, prioritizes this data block for
routing to the corresponding destination node over other
data blocks received for routing to the node or to one or more
different nodes based on determining the least one feedback
data block is designated as a prioritized feedback data block.
For example, the selected intermediate node 2525 sends this
at least one feedback data block to another selected inter-
mediate node via data block routing module 2535, before
sending any other data blocks that may have been received
and/or pending before the at least one feedback data block
was received, in accordance with facilitating routing the at
least one feedback data block to the corresponding destina-
tion node.

The source nodes and/or relay nodes that receive the at
least one feedback data block can reduce and/or stop the
routing of data block to the node in response to receiving the
at least one feedback data block. This can include the source
nodes and/or relay nodes selecting different selected inter-
mediate nodes instead of the node for subsequent transmis-
sions of data by their respective data block routing modules
2535 based on receiving the at least one feedback data block.
This can include the source nodes and/or relay nodes direct-
ing data blocks to a different destination node instead of the
node based on receiving the at least one feedback data block,
where the different destination node can facilitate execution
of'the query by utilizing the data blocks instead of the node.
This can include the source nodes and/or relay nodes cach-
ing newly generated data blocks to be sent to the node for a
least a predefined period of time, where other data blocks are
routed to other nodes by these source nodes and/or relay
nodes in accordance with the query execution and/or other
concurrent query executions during this predefined period of
time, and/or where the newly generated data blocks are later
sent to the node when the predefined period of time has
elapsed.

FIG. 28A illustrates an embodiment of a node 37 that
implements an incoming data block evaluation module
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2810, a data block cache 2820, a cache storage timer
monitoring module 2830, and/or a data block processing
module 2840. Some or all nodes of the database system 10
discussed herein, such as some or all nodes 37 of one or
more query execution plans 2405 of FIG. 24A for queries
executed by the database system 10 and/or some or all nodes
37 utilized to route data blocks as discussed in conjunction
with FIGS. 25A-25G, can be implemented utilizing some or
all features of node 37 as illustrated in FIG. 28A.

As a result of decentralizing query execution as much as
possible, different nodes may begin execution of a query at
different times, and may send their resultants to other nodes
in the query execution plan accordingly. As various different
data is routed through different channels to a node for
different purposes, for example, as discussed in conjunction
with the data block routing module 2535 of FIG. 25A, data
may be received “out of order” from various sources. A node
37 may receive data blocks at a particular time, but may not
be able to discern what they are for and/or how they are
meant to be processed. For example, instructions indicating
a query to be executed such as query operator execution flow
2433 and/or information regarding the node’s participation
in a query execution plan 2405 for the query are not yet
received, but data blocks already processed by another node
in query execution plan sends its blocks to this node. In this
case, this node cannot yet process these data blocks due to
not yet having received information regarding how these
data blocks are meant to be processed. In particular, this
node has no information regarding the query these data
blocks are meant to be processed for, can cannot discern
what these data blocks are intended for.

The node can handle such data blocks with “unknown
purpose” by caching the data in a data block cache 2820 to
“set them aside” until such a time that other relevant data
blocks are received that indicate how these data blocks
should be processed. For example the data block cache 2820
is implemented by memory module 2640 of the node and/or
by other memory resources of the corresponding node. This
data block cache can be considered an “unknown purpose
data block cache” due to some or all of the corresponding
data blocks being stored based on having an unknown
purpose, where no instructions regarding how to process the
corresponding data blocks have been indicated in the cor-
responding data blocks or in previously received data
blocks. Alternatively, some data blocks stored in data block
cache 2820 may have known purpose, such as instructions
that are clear but are to be applied to other nodes that have
not yet been received.

In some cases, these data block that cannot yet be pro-
cessed due to all relevant data blocks not yet having been
received are cached with a corresponding timer and/or
predetermined storage timeframe. When the timer runs out
and/or when the predetermined timeframes for storage of the
data block has elapsed, this data can be revisited to deter-
mine whether corresponding instructions have been received
to enable it to be processed. If the purpose of the data is still
unknown when the timer has elapsed and/or all relevant data
blocks required for processing of the data have still not yet
been received, the data is discarded. In other cases, the data
does not have a corresponding timer, and is only discarded
when memory space of the data block cache 2820 becomes
full or otherwise compares unfavorably to a memory capac-
ity threshold. This caching of data blocks is beneficial as it
improves query execution by enabling decentralized query
execution, which can improve query execution efficiency
due to the reduction of coordination required, while also
ensuring that data blocks can still be processed appropriately
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despite being received out of order and/or despite periods of
time in which the purpose of some data blocks is entirely
unknown.

This discarding of data after a period of time has passed
and/or memory has become full can ensure that data blocks
are not saved indefinitely or for an unnecessarily long
amount of time. For example, in cases of node failure and/or
incredibly communication latency, a query’s execution may
not ever be completed, and/or the node may never receive
the corresponding instructions. Discarding of data after a
reasonable time has passed can improve node processing
efficiency and/or storage efficiency.

In some cases, other events are detected and trigger
re-checking of cached data. For example, if a control signal
is received indicating an instruction for use of cached data,
the cached data can be automatically checked to see if any
of this data’s purpose becomes known based on the control
signal. For example, such control signals can be received in
other data blocks that are relevant to the cached data’s
processing and/or that indicate how the data blocks are to be
processed.

As illustrated in FIG. 28 A, incoming data blocks received
by a node 37 from one or more other nodes 37 can be
processed by an incoming data block evaluation module
2810 implemented by the node. This can include data blocks
received from child nodes in accordance with a query
execution plan 2405, data blocks received from parent nodes
to initialize the query execution plan and/or to communicate
the corresponding roles, level assignment, and/or query
operator execution flow; data blocks received in conjunction
with a shuffle node set 2485, and./or other data blocks routed
to the node, for example via one or more relay nodes of a
relay node set 2520. The incoming data block evaluation
module 2810 can be implemented by utilizing processing
and/or memory resources of the node 37. In this case, data
blocks R can correspond to one data block or a set of related
data blocks received from a same node, received within a
substantially small time frame, and/or received at substan-
tially the same time.

A data block instruction extraction module 2812 can be
utilized to determine instructions included in the one or
more data blocks R regarding how the data blocks R are to
be processed. For example, this can include query execution
instructions to initialize the corresponding query execution
plan. This can include instructions regarding execution of
the query in accordance with a corresponding query execu-
tion plan that should have been previously initialized. This
can include routing instructions such as a destination node
identifier to route the data blocks to a different node for
processing. In some cases, the data blocks R have no
corresponding instructions and/or do not have all required
instructions, where some or all instructions regarding execu-
tion of the data blocks R are instead included in other data
blocks that were previously received and/or that have not yet
been received.

The incoming data block processing module can deter-
mine whether any other data blocks, which may have been
previously received but not processed and/or that may not
have been received yet, are required for processing of the
data blocks R, based on the corresponding extracted instruc-
tions. For example, this can include evaluating whether the
instructions can currently be executed without additional
data blocks, evaluating whether the instructions can cur-
rently be executed based on applying previously received
data blocks, and/or determining whether there is missing
information that render execution of the data blocks impos-
sible at this time. In some cases, data block R can be



US 11,734,273 B2

59

processed, but its extracted instructions indicate instructions
relevant to other data blocks and thus data block R is
determined to have other related data blocks.

If other data blocks are not determined to be required for
processing of data blocks R, data blocks R can be processed
via a data block processing module 2840. In particular,
based on the extracted instruction data, data blocks R are
processed by the query processing module 2435 as discussed
previously and/or are processed by the data block routing
module 2535 as discussed previously, for example, in accor-
dance with the extracted instruction data.

If other data blocks are determined to be required for
processing of data blocks R, a relevant data block retrieval
module 2814 can access the data block cache 2820 of the
node to determine if any missing data blocks and/or missing
instructions required to execute the data block are stored in
the data block cache 2820 based on being included in other
corresponding data blocks. For example, these relevant data
blocks may have been previously stored in data block cache
2820 based on not being able to be processed by the node
prior to receiving data blocks R. As a particular example,
some or all of the data blocks 1-Q can include instruction
data 2822 that indicates how data blocks R is to be pro-
cessed, where data blocks R itself did not have any relevant
instructions extracted indicating how data blocks R is to be
processed by the node 37. As another example, the instruc-
tions extracted from data blocks R indicate how one or more
of the data blocks 1-Q are to be processed by the node 37,
where the instruction data 2822 for these one or more of the
data blocks 1-Q is null and/or does not indicate all necessary
instructions regarding how the data blocks 1-Q themselves
are to be processed by the node 37.

The relevant data block retrieval module 2814 can send a
retrieval request for particular stored data blocks and/or
search criteria for data blocks that may be relevant. This
search criteria and/or the request can be based on the
extracted instructions of the data blocks R, can be based on
identifying information for the data blocks R such as header
information and/or a source node identifier of a source node
that generated the data blocks R; and/or can be based on
other information regarding data blocks R. In some cases,
every data block in data block cache 2820 is accessed and/or
checked to determine whether it is applicable to data blocks
R in response to determining data blocks R requires other
data blocks to be processed itself and/or includes instruc-
tions relating to the processing of other data blocks. The
relevant data block retrieval module 2814 can receive and/or
extract relevant information from any retrieved data blocks
from the data block cache 2820.

The incoming data block evaluation module 2810 can
determine whether the retrieved data blocks by the relevant
data block retrieval module 2814, if any, are sufficient for
processing the data blocks R. If the retrieved data blocks
render data blocks R as being able to be processed, data
blocks R and the retrieved data blocks are sent to the data
block processing module 2840, for example, for processing
via the query processing module 2435 and/or the data block
routing module 2535. For example, the data block process-
ing module 2840 processes data block R based on instruc-
tion data 2822 extracted from one or more retrieved data
blocks. As another example, the data block processing
module 2840 processes the one or more retrieved data
blocks based on instruction data extracted from data block
R. The one or more retrieved data blocks, upon being
processed successfully and/or based on being sent to the data
block processing module 2840, can be removed from the
data block cache 2820, for example, based on no longer
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pending processing and/or based on its instructions being
applied to all relevant incoming data blocks.

In some cases, none of the required other data blocks are
retrieved from the data block cache 2820 based on not yet
having been retrieved and/or based on having been deleted
due to their cache storage timer elapsing. In some cases,
some data blocks are retrieved, but not all necessary data
blocks were retrieved, and thus additional information is still
required to process data blocks R. In either case, the data
blocks R are determined to not be able to be processed at the
current time, and can be cached in the data block cache 2820
by data block caching module 2816. Caching the data block
can include storing the data blocks R as they stand and/or
can include extracting the instruction data 2822 and/or
extracting relevant data blocks identifier information 2824 to
enable the data blocks R to be easily searched for its
relevance to other incoming data blocks.

The data blocks R can be stored with and/or can be stored
in conjunction with cache storage timer data 2826 that
indicates a maximum time period in which data blocks R are
to be stored, even if these data blocks R are never able to be
processed based on the relevant data blocks required for the
processing of data blocks R not being received within the
time period. This time period can be determined based on a
time period start time, which can be determined based on
when the data blocks R are received and/or based on a
timestamp included in data blocks R, for example, corre-
sponding to when data blocks R were generated by a
different source node. A same maximum amount of time or
different maximum amount of time from a can be applied to
the time period start time of all data blocks and/or can be
different for different types of data blocks, for example,
where data blocks with a higher perceived importance are
assigned longer maximum amount of time to give their
necessary data blocks more time to be received. A storage
expiration time can be indicated by the cache storage timer
data 2826, for example, based on the start time and the
maximum amount of time, to indicate the point in time when
the data blocks should be deleted.

A cache storage timer monitoring module 2830 can facili-
tate deletion of expired data blocks in the data block cache
2820 over time based determining that the cache storage
timer data 2826 indicates that the data blocks are to be
removed. This can be based on comparing a current time to
the storage expiration time and/or based on otherwise deter-
mining that the cache storage timer data indicates elapsing
of the corresponding data block in data block cache 2820.
This can be based on comparing a start time of the data
blocks and the current time to a predetermined maximum
amount of storage time to determine whether the storage of
the data blocks exceeds the predetermined maximum
amount of storage time. The cache storage timer monitoring
module 2830 can access and/or otherwise monitor the cache
storage timer data continuously and/or in predetermined
time intervals. The cache storage timer monitoring module
2830 can send data block deletion requests for data blocks
determined to have expired in storage based on their corre-
sponding cache storage timer data 2826. In particular, the
expired data blocks are deleted from the data block cache
2820 without being processed by the data block processing
module 2840.

In some cases, a transmission and/or error notification is
routed to one or more other nodes 37, such as a source node
2510 of these data blocks, and/or is routed to a client device
associated with an end user, The transmission and/or error
notification can indicate that the deleted data blocks were
never processed; can indicate a node from whom the cor-
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responding data blocks were expected to be received to
indicate this node and/or one or more relay nodes may have
failed and/or may be performing at a degraded performance
level; can indicate a network connection failure due to not
receiving the required data blocks; can indicate that a
corresponding query is not guaranteed to be correct and/or
must be re-executed via the same or different query execu-
tion plan due to these data blocks never having been
processed; and/or can otherwise indicate the data blocks
were not processed and were instead deleted.

In some cases, prior to deleting particular expired data
blocks identified by the cache storage timer monitoring
module 2830, these expired data blocks are evaluated again,
for example, by the incoming data block evaluation module
2810, to conclude whether or not the necessary other data
blocks were received since the data block was stored in
cache. If the data block can be processed based on the
relevant data block retrieval module retrieving the necessary
data blocks and/or determining the necessary data blocks
have been received, for example, as pending data blocks not
yet processed by the incoming data block evaluation module
2810, these data blocks are processed in conjunction with
the other necessary data blocks by the data block processing
module 2840 accordingly as described previously. If the
other necessary data blocks are determined to have never
been received by the node 37, these expired data blocks are
deleted from data block cache 2820 and are not processed by
the data block processing module 2840.

FIG. 28B illustrates a method for execution by at least one
processing module of a database system 10. For example,
the database system 10 can utilize at least one processing
module of one or more nodes 37 of one or more computing
devices 18, where the one or more nodes execute operational
instructions stored in memory accessible by the one or more
nodes, and where the execution of the operational instruc-
tions causes the one or more nodes 37 to execute, indepen-
dently or in conjunction, some or all of the steps of FIG.
28B. The database system can utilize the incoming data
block evaluation module 2810 of FIG. 28A; the data block
cache 2820 of FIG. 28A; the cache storage timer monitoring
module 2830 of FIG. 28A, and/or the data block processing
module 2840 of FIG. 28A of a single node 37 and/or of each
of a plurality of nodes 37 to facilitate execution of some or
all of the steps of FIG. 28B. In particular, a node 37 can
utilize the incoming data block evaluation module 2810 of
FIG. 28 A the data block cache 2820 of FIG. 28A; the cache
storage timer monitoring module 2830 of FIG. 28A, and/or
the data block processing module 2840 of FIG. 28A to
execute some or all of the steps of FIG. 28B, where multiple
nodes 37 implement their own incoming data block evalu-
ation module 2810 of FIG. 28A; the data block cache 2820
of FIG. 28A; the cache storage timer monitoring module
2830 of FIG. 28A, and/or the data block processing module
2840 to independently execute the steps of FIG. 28B. Some
or all of the steps of FIG. 28B can optionally be performed
by any other processing module of the database system 10.
Some or all of the steps of FIG. 28B can be performed to
implement some or all of the functionality of the node 37
illustrated in FIG. 28A, and/or any other embodiments of
node 37 discussed herein. Some or all of the steps of FIG.
28B can be performed to implement some or all of the
functionality regarding execution of a query via the plurality
of nodes in the query execution plan 2405 as described in
conjunction with FIGS. 24A-24E. Some or all steps of FIG.
28B can be performed by database system 10 in accordance
with other embodiments of the database system 10 and/or
nodes 37 discussed herein.
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Step 2882 includes receiving a first data block from a
second node of a plurality of nodes of the database system
in accordance with execution of a first query by the plurality
of nodes. Step 2884 includes determining data block pro-
cessing instruction data for the first data block is not
indicated in a first set of previously received data blocks.
Step 2886 includes adding the first data block to an unknown
purpose data block cache at a first time.

Step 2888 includes receiving, at a second time that is prior
to elapsing of a storage time window for storage of the first
data block by the unknown purpose data block cache, at least
one second data block that indicates data block processing
instruction data for the first data block. For example, the at
least one second data block is generated by and/or received
from the same second node and/or from a different data
block from the second node. Step 2890 includes accessing
the first data block in the unknown purpose data block cache
and processing the first data block in accordance with
execution of the first query by applying the data block
processing instruction data for the first data block based on
receiving the at least one second data block that indicates the
data block processing instruction data for the first data block
prior to elapsing of the storage time window.

Step 2892 includes receiving a third data block from a
third node of the plurality of nodes of the database system
in accordance with execution of a second query by the
plurality of nodes. Step 2894 includes determining data
block processing instruction data for the third data block is
not indicated in a second set of previously received data
blocks. Step 2896 includes adding the third data block to an
unknown purpose data block cache at a third time.

Step 2898 includes removing the third data block from the
unknown purpose data block cache at a fourth time based on
elapsing of a storage time window for storage of the third
data block by the unknown purpose data block cache at the
fourth time and based on not receiving any data blocks
indicating data block processing instruction data for the third
data block prior to the fourth time, wherein the third data
block is not processed by the node in accordance with
execution of the second query based on removing the third
data block from the unknown purpose data block cache. For
example, the method can further include receiving, at a fifth
time that is after elapsing of the storage time window for
storage of the third data block by the unknown purpose data
block cache, at least one fourth data block that indicates data
block processing instruction data for the third data block.
However, as the third data block has already been removed
from storage by the node in its unknown purpose data block
cache, the third data block is still not processed by the node
despite the corresponding data block processing instruction
data for the third data block. In some cases, a notification is
generated for routing to the node that sent the corresponding
data block processing instruction data in the at least one
fourth data block, and/or for routing to the third node from
by which the third data block was generated and/or received
from. The notification can indicate that the data block
processing instruction data was received too late and/or that
the corresponding third data block was not processed.

As may be used herein, the terms “substantially” and
“approximately” provides an industry-accepted tolerance for
its corresponding term and/or relativity between items. Such
an industry-accepted tolerance ranges from less than one
percent to fifty percent and corresponds to, but is not limited
to, component values, integrated circuit process variations,
temperature variations, rise and fall times, and/or thermal
noise. Such relativity between items ranges from a differ-
ence of a few percent to magnitude differences. As may also
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be used herein, the term(s) “configured to”, “operably
coupled to”, “coupled to”, and/or “coupling” includes direct
coupling between items and/or indirect coupling between
items via an intervening item (e.g., an item includes, but is
not limited to, a component, an element, a circuit, and/or a
module) where, for an example of indirect coupling, the
intervening item does not modify the information of a signal
but may adjust its current level, voltage level, and/or power
level. As may further be used herein, inferred coupling (i.e.,
where one element is coupled to another element by infer-
ence) includes direct and indirect coupling between two
items in the same manner as “coupled to”. As may even
further be used herein, the term “configured to”, “operable
t0”, “coupled to”, or “operably coupled to” indicates that an
item includes one or more of power connections, input(s),
output(s), etc., to perform, when activated, one or more its
corresponding functions and may further include inferred
coupling to one or more other items. As may still further be
used herein, the term “associated with”, includes direct
and/or indirect coupling of separate items and/or one item
being embedded within another item.

As may be used herein, the term “compares favorably”,
indicates that a comparison between two or more items,
signals, etc., provides a desired relationship. For example,
when the desired relationship is that signal 1 has a greater
magnitude than signal 2, a favorable comparison may be
achieved when the magnitude of signal 1 is greater than that
of'signal 2 or when the magnitude of signal 2 is less than that
of signal 1. As may be used herein, the term “compares
unfavorably”, indicates that a comparison between two or
more items, signals, etc., fails to provide the desired rela-
tionship.

As may be used herein, one or more claims may include,
in a specific form of this generic form, the phrase “at least
one of a, b, and ¢” or of this generic form “at least one of a,
b, or ¢”, with more or less elements than “a”, “b”, and “c”.
In either phrasing, the phrases are to be interpreted identi-
cally. In particular, “at least one of a, b, and ¢” is equivalent
to “at least one of a, b, or ¢”” and shall mean a, b, and/or c.
As an example, it means: “a” only, “b” only, “c” only, “a”
and “b”, “a” and “c”, “b” and “¢”, and/or “a”, “b”, and “c”.

As may also be used herein, the terms “processing mod-
ule”, “processing circuit”, “processor”, and/or “processing
unit” may be a single processing device or a plurality of
processing devices. Such a processing device may be a
microprocessor, micro-controller, digital signal processor,
microcomputet, central processing unit, field programmable
gate array, programmable logic device, state machine, logic
circuitry, analog circuitry, digital circuitry, and/or any device
that manipulates signals (analog and/or digital) based on
hard coding of the circuitry and/or operational instructions.
The processing module, module, processing circuit, and/or
processing unit may be, or further include, memory and/or
an integrated memory element, which may be a single
memory device, a plurality of memory devices, and/or
embedded circuitry of another processing module, module,
processing circuit, and/or processing unit. Such a memory
device may be a read-only memory, random access memory,
volatile memory, non-volatile memory, static memory,
dynamic memory, flash memory, cache memory, and/or any
device that stores digital information. Note that if the
processing module, module, processing circuit, and/or pro-
cessing unit includes more than one processing device, the
processing devices may be centrally located (e.g., directly
coupled together via a wired and/or wireless bus structure)
or may be distributedly located (e.g., cloud computing via
indirect coupling via a local area network and/or a wide area

20

40

45

64

network). Further note that if the processing module, mod-
ule, processing circuit, and/or processing unit implements
one or more of its functions via a state machine, analog
circuitry, digital circuitry, and/or logic circuitry, the memory
and/or memory element storing the corresponding opera-
tional instructions may be embedded within, or external to,
the circuitry comprising the state machine, analog circuitry,
digital circuitry, and/or logic circuitry. Still further note that,
the memory element may store, and the processing module,
module, processing circuit, and/or processing unit executes,
hard coded and/or operational instructions corresponding to
at least some of the steps and/or functions illustrated in one
or more of the Figures. Such a memory device or memory
element can be included in an article of manufacture.

One or more embodiments have been described above
with the aid of method steps illustrating the performance of
specified functions and relationships thereof. The boundar-
ies and sequence of these functional building blocks and
method steps have been arbitrarily defined herein for con-
venience of description. Alternate boundaries and sequences
can be defined so long as the specified functions and
relationships are appropriately performed. Any such alter-
nate boundaries or sequences are thus within the scope and
spirit of the claims. Further, the boundaries of these func-
tional building blocks have been arbitrarily defined for
convenience of description. Alternate boundaries could be
defined as long as the certain significant functions are
appropriately performed. Similarly, flow diagram blocks
may also have been arbitrarily defined herein to illustrate
certain significant functionality.

To the extent used, the flow diagram block boundaries and
sequence could have been defined otherwise and still per-
form the certain significant functionality. Such alternate
definitions of both functional building blocks and flow
diagram blocks and sequences are thus within the scope and
spirit of the claims. One of average skill in the art will also
recognize that the functional building blocks, and other
illustrative blocks, modules and components herein, can be
implemented as illustrated or by discrete components, appli-
cation specific integrated circuits, processors executing
appropriate software and the like or any combination
thereof.

In addition, a flow diagram may include a “start” and/or
“continue” indication. The “start” and “continue” indica-
tions reflect that the steps presented can optionally be
incorporated in or otherwise used in conjunction with other
routines. In this context, “start” indicates the beginning of
the first step presented and may be preceded by other
activities not specifically shown. Further, the “continue”
indication reflects that the steps presented may be performed
multiple times and/or may be succeeded by other activities
not specifically shown. Further, while a flow diagram indi-
cates a particular ordering of steps, other orderings are
likewise possible provided that the principles of causality
are maintained.

The one or more embodiments are used herein to illustrate
one or more aspects, one or more features, one or more
concepts, and/or one or more examples. A physical embodi-
ment of an apparatus, an article of manufacture, a machine,
and/or of a process may include one or more of the aspects,
features, concepts, examples, etc. described with reference
to one or more of the embodiments discussed herein. Fur-
ther, from figure to figure, the embodiments may incorporate
the same or similarly named functions, steps, modules, etc.
that may use the same or different reference numbers and, as
such, the functions, steps, modules, etc. may be the same or
similar functions, steps, modules, etc. or different ones.
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Unless specifically stated to the contra, signals to, from,
and/or between elements in a figure of any of the figures
presented herein may be analog or digital, continuous time
or discrete time, and single-ended or differential. For
instance, if a signal path is shown as a single-ended path, it
also represents a differential signal path. Similarly, if a signal
path is shown as a differential path, it also represents a
single-ended signal path. While one or more particular
architectures are described herein, other architectures can
likewise be implemented that use one or more data buses not
expressly shown, direct connectivity between elements, and/
or indirect coupling between other elements as recognized
by one of average skill in the art.
The term “module” is used in the description of one or
more of the embodiments. A module implements one or
more functions via a device such as a processor or other
processing device or other hardware that may include or
operate in association with a memory that stores operational
instructions. A module may operate independently and/or in
conjunction with software and/or firmware. As also used
herein, a module may contain one or more sub-modules,
each of which may be one or more modules.
As may further be used herein, a computer readable
memory includes one or more memory elements. A memory
element may be a separate memory device, multiple
memory devices, a set of memory locations within a
memory device or a memory section. Such a memory device
may be a read-only memory, random access memory, vola-
tile memory, non-volatile memory, static memory, dynamic
memory, flash memory, cache memory, and/or any device
that stores digital information. The memory device may be
in a form a solid-state memory, a hard drive memory, cloud
memory, thumb drive, server memory, computing device
memory, and/or other physical medium for storing digital
information.
While particular combinations of various functions and
features of the one or more embodiments have been
expressly described herein, other combinations of these
features and functions are likewise possible. The present
disclosure is not limited by the particular examples disclosed
herein and expressly incorporates these other combinations.
What is claimed is:
1. A method for execution by a database system, com-
prising:
determining, via an initial route generator module, physi-
cal network topology data of a plurality of nodes of the
database system utilized to facilitate query executions;

generating, via the initial route generator module, initial
route selection data indicating a set of initial relay
nodes for each of a plurality of pairs of the plurality of
nodes based on the physical network topology data by
selecting one of a plurality of possible initial route
options for the each of the plurality of pairs of the
plurality of nodes;

sending, via the initial route generator module, the initial

route selection data to the plurality of nodes; and

generating a query resultant by facilitating execution of a

query, via the plurality of nodes, by facilitating routing
of data blocks between at least one of the plurality of
pairs of the plurality of nodes via a set of intermediate
nodes selected based on the initial route selection data
in accordance with a dynamic data block routing
scheme.

2. The method of claim 1, wherein at least one data block
is routed from a source node of one of the plurality of pairs
to a destination node of one of the plurality of pairs via
implementation of a data block routing module by a subset
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of'the plurality of nodes, wherein implementation of the data
block routing module by each node in the subset of the
plurality of nodes includes utilizing the initial route selection
data to determine an intermediate node based on the initial
route selection data.

3. The method of claim 1, wherein determining the
physical network topology data includes determining mini-
mum distances between pairs of nodes as a minimum
number of relay nodes.

4. The method of claim 1, wherein determining the
physical network topology data includes performing a prob-
ing phase of a physical network that includes the plurality of
nodes to generate graph data for the plurality of nodes,
wherein the plurality of nodes are depicted as a plurality of
vertices in the graph data, and where a plurality of direct
connections between various ones of the plurality of nodes
are depicted as a plurality of edges of the graph data
connecting corresponding ones of the plurality of nodes
having direct connections.

5. The method of claim 4, wherein determining the
physical network topology data includes at least one of:
determining nodes with corresponding vertices with at least
a threshold number of edges, or determining nodes with
corresponding vertices with less than a threshold number of
edges.

6. The method of claim 4, wherein determining the
physical network topology data further includes generating
aplurality of weights assigned to the plurality of edges based
on the probing phase.

7. The method of claim 6, wherein generating the plurality
of weights assigned to the plurality of edges is based on
determining weights for a minimum spanning tree of the
graph data.

8. The method of claim 6, wherein one of the plurality of
weights for one of the plurality of edges is generated based
on at least one of: a measured communication latency
between a corresponding pair of nodes of the one of the
plurality of edges via a corresponding direct connection for
the one of the plurality of edges; an expected communica-
tion latency between the corresponding pair of nodes via the
corresponding direct connection; a type of communication
protocol utilized via the corresponding direct connection; a
measured load of communication via the corresponding
direct connection; an expected load of communication via
the corresponding direct connection; a number of edges
extending from each of the corresponding pair of nodes;
and/or determining whether the one of the plurality of edges
is included in a minimum spanning tree determined for the
graph data.

9. The method of claim 1, wherein the initial route
selection data indicates a set of initial relay nodes for at least
one of a plurality of pairs of the plurality of nodes based on
the physical network topology data.

10. The method of claim 1, wherein the initial route
selection data of a given pair of the plurality of pairs is
generated by: determining a plurality of possible initial route
options for the given pair of the plurality of nodes based on
the physical network topology data; and selecting one of the
plurality of possible initial route options determined for the
given pair of the plurality of nodes.

11. The method of claim 10, wherein generating the initial
route selection data further includes computing a route
favorability level for each of the a plurality of possible initial
route options based on the physical network topology data,
wherein the selecting the one of the plurality of possible
initial route options determined for the given pair of the
plurality of nodes is based on having a most favorable route
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favorability level of route favorability levels for the plurality
of possible initial route options.

12. The method of claim 11, wherein the route favorability
level for each possible initial route option is generated as a
function of a plurality of weights assigned to a plurality of
edges for a plurality of direct connections of a given set of
relay nodes of the each possible initial route option, wherein
a first route favorability level for a first route option between
a pair of nodes is computed as the function of a first set of
corresponding weights for a first set of direct connections in
the first route option, and wherein a second route favorabil-
ity level for a second route option between the pair of nodes
is computed as the function of a second set of corresponding
weights for a second set of direct connections in the second
route option, and wherein the first route option is selected
based on the first route favorability level being more favor-
able than the second route favorability level.

13. The method of claim 1, wherein the initial route
selection data for the plurality of pairs is selected based on
at least one of: having no direct connections between pairs
of nodes included in more than a first predetermined thresh-
old number of initial routes; or having no nodes included in
more than a second predetermine threshold number of initial
routes.

14. The method of claim 1, wherein sending the initial
route selection data to the plurality of nodes includes send-
ing the initial route selection data generated for a given pair
of nodes to a source node of the given pair of nodes, a
destination node of the given pair of nodes, and a set of
initial relay nodes indicated in the initial route selection data
generated for the given pair of nodes.

15. The method of claim 1, wherein the set of intermediate
nodes for a given pair of nodes are selected by a subset of
the plurality of nodes based on the initial route selection data
in accordance with the dynamic data block routing scheme,
and wherein the set of intermediate nodes for the given pair
of nodes and the set of initial relay nodes indicated in the
initial route selection data for the given pair of nodes have
a non-null set difference.

16. The method of claim 1, wherein at least one of the
plurality nodes routes at least one data block in conjunction
with execution of the query based on:

determining an initial route to a destination node based on

the initial route selection data;
identifying a second relay node of a sequential relay
ordering based on the initial route selection data;

identifying a set of intermediate node options by identi-
fying capable of receiving the at least one data block
via a first direct connection and further capable of
sending the at least one data block to the second relay
node via a second direct connection;

selecting one intermediate node from the set of interme-

diate node options; and

transmitting the at least one data block to the one inter-

mediate node.

17. The method of claim 1, further comprising:

determining updated initial route selection data by updat-

ing at least one set of initial relay nodes for at least one
of the plurality of pairs of the plurality of nodes based
on detecting a change in the physical network topology
data.
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18. The method of claim 17, wherein detecting the change
in the physical network topology data is based on at least one
of the plurality of nodes detecting at least one of: a failure
of at least one other one of the plurality of nodes, a
previously unavailable other one of the plurality of nodes
becoming available, a change in performance level of at
least one other one of the plurality of nodes.

19. A database system comprises:

at least one processor; and

a memory that stores operational instructions that, when

executed by the at least one processor, cause the

database system to:

determine, via an initial route generator module, physi-
cal network topology data of a plurality of nodes of
the database system utilized to facilitate query
executions;

generate, via the initial route generator module, initial
route selection data indicating a set of initial relay
nodes for each of a plurality of pairs of the plurality
of nodes based on the physical network topology
data by selecting one of a plurality of possible initial
route options for the each of the plurality of pairs of
the plurality of nodes;

send, via the initial route generator module, the initial
route selection data to the plurality of nodes; and

generate a query resultant by facilitating execution of a
query, via the plurality of nodes, by facilitating
routing of data blocks between at least one of the
plurality of pairs of the plurality of nodes via a set of
intermediate nodes selected based on the initial route
selection data in accordance with a dynamic data
block routing scheme.

20. A non-transitory computer readable storage medium
comprises:

at least one memory section that stores operational

instructions that, when executed by a processing mod-

ule that includes a processor and a memory, causes the

processing module to:

determine, via an initial route generator module, physi-
cal network topology data of a plurality of nodes of
a database system utilized to facilitate query execu-
tions;

generate, via the initial route generator module, initial
route selection data indicating a set of initial relay
nodes for each of a plurality of pairs of the plurality
of nodes based on the physical network topology
data by selecting one of a plurality of possible initial
route options for the each of the plurality of pairs of
the plurality of nodes;

send, via the initial route generator module, the initial
route selection data to the plurality of nodes; and

generate a query resultant by facilitating execution of a
query, via the plurality of nodes, by facilitating
routing of data blocks between at least one of the
plurality of pairs of the plurality of nodes via a set of
intermediate nodes selected based on the initial route
selection data in accordance with a dynamic data
block routing scheme.
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